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The work herein investigates the potentially competitive uptake and translocation 
of plutonium (Pu) and iron (Fe) in corn (Zea mays) to gain insight into the Pu uptake 
pathway. Plutonium has no known biological function in plants yet it has many chemical 
properties similar to Fe (an essential nutrient) implying that Pu may share the Fe uptake 
pathway. A series of experiments was conducted in which two hydroponically grown corn 
species (one healthy and one deficient in the transporter protein for Fe) were exposed to 
varying ratios of complexed Pu and Fe. Results suggest increased presence of Fe inhibits 
Pu translocation into the shoots of the corn plant. For example, increasing the Fe 
concentration in hydroponic solution from 1 ppb FeCl3 to 10 ppb FeCl3 resulted in Pu 
concentrations to decrease from a 7.57 (+/- 0.00 ) mg g-1 median shoot Pu concentration to 
2.7300 (+/- 1.203) mg g-1 in a healthy strain of corn. Additionally, comparison of citrate 
and DFOB ligand influence on Pu uptake and translocation into corn plants determine Pu 
complexed with DFOB remained in the roots of the plant, while translocation of Pu into 
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Plutonium (Pu) released into the environment may result in contamination through 
groundwater infiltration or transport via soil and air. These releases result in long-term 
contamination which makes it difficult to predict future Pu transport scenarios. Therefore, 
understanding Pu behavior is necessary in order to predict how a Pu release will migrate 
and behave in the environment. One mechanism of Pu transport is through plant uptake, in 
which chelating substances released from the plant roots result in increased Pu mobility in 
soil and root uptake. Although Pu is not an essential nutrient for plants, it has been 
hypothesized that Pu and iron (Fe) contain similarities that may result in Pu plant uptake 
in Fe deficient soil. Therefore, the motivation behind this project is to investigate the uptake 
and competition between Pu and Fe in plants, specifically corn, in order to better 
understand Pu behavior and transport in the environment.   
1.1 Background 
Plutonium (Pu) has been released into the environment via anthropogenic activities 
such as nuclear weapons testing and production, as well as through peaceful uses of Pu 
such as nuclear power generation. Four hundred kCi (1.48 x 1016 Bq) of 239Pu and 240Pu 
have been released into the environment via worldwide nuclear weapons testing, and the 
legacy sites associated with Pu processing for nuclear weapons testing have resulted in a 
series of accidental releases (Harley, 1980). Examples of such legacy sites include Rocky 
Flats and Savannah River National Lab.  
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Rocky Flats was responsible for atmospheric contamination of Pu as a result of a 
fire (1969) that occurred at the Pu processing plant, as well as several leaking drums (1964) 
that were stored on site and resulted in soil contamination (Harley, 1980). Similarly, 
Savannah River National Laboratory (SRNL) was developed in the 1950’s to create 
weapons grade plutonium and tritium in the 1950-1960s, similar to Rocky Flats. Actinides, 
including plutonium, were accidentally released into the environment during laboratory 
studies, and have been monitored ever since (Armstrong et al., 2014).  
Nuclear power generation, a peaceful use of Pu, has also resulted in Pu 
environmental contamination, examples include Radioisotope Thermoelectric Generators 
(RTGs) explosions used for space satellite exploration, as well as nuclear waste accidents 
(Harley, 1980).  A recent release of 239Pu and 240Pu occurred at WIPP, the country’s first 
and only deep geologic repository for transuranic nuclear waste, where a waste drum 
caught figure and ruptured, resulting in air contamination that bypassed the HEPA filters 
and into the external atmosphere (Thakur et al., 2014).  
Overall, understanding the behavior of Pu in the environment would aid in 
remediating, performing risk assessments, and accurately monitor releases such as those 
mentioned above, thus providing a basis for this project.  
1.1.1 Plant Characteristics 
 
Plants require different types of nutrients that are essential for life which are 
classified based on the amount required for plant survival. These nutrients are referred to 
as macronutrients and micronutrients. Macronutrients (N, P, K, Ca, Mg, and S) are required 
in large amounts and they help make up life-sustaining structures, such as nucleic acids 
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and proteins (Jones Jr, 2005; Morgan and Connolly, 2013). Alternatively, micronutrients 
assist in enzyme activity and include iron, zinc, manganese, boron, molybdenum, and 
copper. Only small amounts of micronutrients are essential for plant survival (Jones Jr, 
2005; Morgan and Connolly, 2013).  
Nutrients that are mobile in the environment are dependent on the flow of water in 
the soil to be taken up into the roots of the plant (Jones Jr, 2005). A concentration gradient 
of nutrients forms in the soil surrounding a plant root, with the area closest to the root 
consisting of the lowest concentrations (Jones Jr, 2005). As the plant requires nutrients, the 
higher concentrations begin to diffuse towards the plant root. However, there are many 
factors that may effect this diffusion process, including the soil itself, microorganisms, 
competition, and even the plant (Jones Jr, 2005).  
Hydroponics is a method of growing plants that utilizes a soilless, water-based 
nutrient solution. It is an alternative to growing plants in soil as it reduces the complexity 
associated with soil chemistry. Hydroponics allows the plant root to constantly be in direct 
contact with essential nutrients, reducing the dependency on the concentration gradient 
formed in the soil (Jones Jr, 2005). Additionally, hydroponics allows greater control over 
the nutrients available to the plants, although the potential for human error in the creation 
of a “perfect” composition of nutrients is considered a downfall (Jones Jr, 2005). A 
hydroponic solution was utilized in this study and is discussed in further detail in Chapter 
Two.  
Iron is an essential micronutrient for plants and it is responsible for redox reactions 
that drive plant respiration and photosynthesis, with more than 75% of the plant’s Fe 
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concentration found in the chloroplasts (Jones Jr, 2005; Kim and Guerinot, 2007).  Fe is 
present in soil as Fe(II) and Fe(III), although it typically enters the plant as Fe(III) and is 
then reduced to Fe(II) (Jones Jr, 2005).  However, natural availability of iron for plants is 
minimal due to low solubility of iron in soil at a neutral pH, which may result in an iron 
deficiency (Guerinot and Yi, 1994). Plants experiencing iron deficiency display interveinal 
chlorosis symptoms in young leaves (Uchida, 2000), as shown in Figure 1.1. 
 
Figure 1.1. The visibility of the veins within the corn leave is an example of 
slight interveinal chlorosis and a sign of iron deficiency. 
  
Another example of iron deficiency is a lack of primary root growth with an 
increase in lateral root growth, shown in Figure 1.2, as well as an increase in root hair 
growth. 
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Figure 1.1. Examples of iron deficient (left) versus iron sufficient (right) corn roots. 
Plants have adapted two different strategies to uptake iron and prevent iron 
deficiency. Strategy I plants are considered “non-grasses” while Strategy II uptake plants 
are grass plants, such as corn, and will be the primary strategy discussed (Kim and 
Guerinot, 2007).  
Strategy II uptake involves the release of phytosiderophores, which are chelating 
substances released by the roots of a plant under iron deficient conditions (Roemheld and 
Marschner, 1986). Phytosiderophores create complexes with Fe(III) in the rhizosphere, or 
the plant-root interface where the soil surrounds the roots (McNear, 2013; Morgan and 
Connolly, 2013). This allows the typically immobile Fe(III) to be readily available for 
transport through the roots into the plant. Transport occurs through an uptake system, 
referred to as the Yellow Stripe 1 (ys1) transporter protein in corn, which is specifically 
meant for iron-phytosiderophore uptake (Kim and Guerinot, 2007). Once in the root, Fe is 
typically present as Fe(III)-citrate complexes when the pH is between 5.5 – 6.0 (Kim and 
Guerinot, 2007). Phytosiderophores can also form complexes with other micronutrients 
that are typically immobile in soil, such as manganese, zinc, and copper (Bais et al., 2006). 
Interestingly, Roberts et al. (2004) demonstrated an increase in the ys1 mRNA gene in the 
Stunted primary 
root growth and 
increased lateral 
root growth Normal primary 
root growth 
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roots of iron deficient plants was observed only one day after removing the iron source 
from the plant medium. Ys1 mRNA was also found in the shoots of plants, indicating Fe 
uptake is not only facilitated by the roots but also by the shoots (Roberts et al., 2004).  
Plutonium plant uptake from the soil is dependent on chelating substances, similar 
to that of iron uptake. Phytosiderophores released from plant roots, such as citric acid or 
synthetic EDTA, have been shown to enhance Pu uptake and mobilization (Neu et al., 
2002). Transport of Pu into the plant involves uptake of complexed Pu through the root 
and translocation to the xylem, which is the main pathway for water transport in the plant. 
Pu concentration decreases as it translocates up the shoot and into the leaves (Wildung et 
al., 1979). As the plant grows, Pu may initially increase in concentration in the stems but 
will eventually collect in the roots. It also may be excreted with the release of 
phytosiderophores, allowing a constant recycling of Pu in the environment (Wildung et al., 
1979).  
1.1.2  Plutonium Behavior in the Environment 
 
Plutonium is present in the environment in four oxidation states, +3, +4, +5, and 
+6. (Kaltsoyannis and Scott, 1999; Smith and Amonette, 2006). Oxidation state may 
contribute to the transport of Pu in the environment due to changes in behavior in reducing 
versus oxidizing conditions (Smith and Amonette, 2006). Additionally, differences 
between oxidation states in terms of complexation and sorption may also influence Pu 
transport and behavior (Smith and Amonette, 2006).  
Pu is typically considered immobile in the environment, with surface transport 
being attributed to wind and water erosion (Xu et al., 2008). In fact, any solid Pu waste 
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produced prior to 1970 was disposed of in shallow trenches with low-level waste, and 
aqueous waste was dumped directly into the ground or in wells due to the misconception 
that Pu was completely immobile in the environment (Smith and Amonette, 2006). 
However, Pu transport in the groundwater has been investigated and attributed to sorption 
onto microscopic colloids that travel in the groundwater, allowing Pu to migrate kilometers 
away from a contamination site. Novikov et al. (2006) determined the specific type of 
colloids Pu sorbed onto and found more sorption onto Fe oxide colloids than colloids 
composed of montorillonite or silica, indicating there may be a relationship between Pu 
and Fe.  
An 11-year study conducted at Savannah River Site (SRS) investigated the 
transport of Pu in lysimeters made of 52-L carboys that were placed 22 centimeters (cm) 
vertically below the surface. The aim of this study was to observe the transport of various 
oxidation states of Pu in the vadose zone, which is the area between the earth’s surface and 
the closest aquifer (Kaplan et al., 2004). When cores collected from the lysimeters were 
analyzed for plutonium transport, the Pu had moved downwards, as expected, but an 
amount of the Pu also moved upwards. Kaplan et al. (2010) conducted a study to determine 
the explanation behind the upward migration of Pu, and concluded grasses that had grown 
on top of the lysimeter soil contributed to upward Pu transport. It was determined that the 
ability for plants to uptake water so efficiently from the soil resulted in Pu migration and 
subsequent uptake (Kaplan et al., 2010).  
Lastly, Pu uptake was examined in eight plant species at the Nevada National 
Security Site (N2S2) as a means to utilize plants as biomonitors for Pu in the environment 
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(Caldwell et al., 2011). Caldwell et al (2011) compared Pu plant uptake with the uptake of 
other nutrients in the soil, specifically Fe, and concluded a strong correlation between Pu 
uptake and Fe uptake. Interestingly, Ce, a chemical analogue for Pu, did not have as high 
of a Pu correction as Fe (Caldwell et al., 2011; Fortner et al., 1997).  
1.1.3 Comparison of plutonium and iron  
 
Pu and Fe have several similarities such as such as the charge to ionic radius ratios 
for Fe(III) and Pu(IV), which are 0.46 and 0.42, respectively, and similar hydrolysis 
constants, which are 10-12.6 and 10-13.7 for Fe(III) and Pu(IV), respectively (Neu et al., 
2002).  Additionally, there are similarities in stability constants for Fe(III) and Pu(IV) with 
citrate and DFOB. The Fe(III) stability constants for citrate and DFOB are 11.2 and 30.6, 
while the stability constants for Pu(IV) with citrate and DFOB are 15.2-15.5 and 30.8 (Neu 
et al., 2002). Due to the similarities between Pu and Fe, plants may not be able to 
differentiate between Pu and Fe, resulting in Pu uptake under Fe deficient conditions  
(Thompson, 2010).  
1.2 Relevant studies 
Two studies specific to this project have been conducted investigating the uptake 
of Pu and even the competitive uptake of Pu and Fe. Lee et al. (2002) investigated the 
uptake and translocation of plutonium in sunflower (Helianthus annuus) and Indian 
mustard (Brassica juncea), while Thompson et al. (2010) observed the behavior of 
plutonium in corn (Zea mays), as well as the uptake and competition between plutonium 
and iron. Both experiments utilized hydroponic systems. 
 9 
Lee et al. (2002) considered sunflower and Indian mustard due to their success as 
phytoremediators. Several trials were conducted in which ~18 Bq mL-1 and ~36 Bq mL-1 
plutonium was complexed with different ligands, including nitrate, citrate, and DTPA. The 
major results from the Lee et al. (2002) experiments indicated that the higher the plutonium 
concentration in solution, the higher the plutonium uptake in both the roots and shoots. The 
Pu-citrate uptake into the sunflower shoot was the same as Pu-nitrate at high Pu activities 
(36 Bq mL-1). For the lower activity levels, the sunflower shoot had higher plutonium 
translocation when Pu was complexed with nitrate, but a higher plutonium concentration 
in the roots when Pu was complexed with citrate. Contrastingly, the higher Pu activity 
resulted in a higher plant uptake in terms of Bq g-1 with the Pu-citrate complex. These 
results provide a good understanding of what is to be expected for the proposed project 
when plutonium concentration ratios will be tested, as well as an understanding for how 
corn will uptake plutonium. The results also confirm that the use of citrate as a plutonium 
complexation ligand will ensure plutonium uptake into the plant.  
Experiments conducted by Thompson et al. (2010) compared Pu-DFOB and Fe-
DFOB uptake in corn. Corn plants were grown in soil which was on top of a Garland et al. 
(1981) hydroponic solution. The ends of the roots (distal roots) were grown in the solution, 
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while the roots closer to the corn seed (proximal roots) were growing in the soil. The 
experiment set up is represented in Figure 1.3.  
 
Figure 1.3. Example of experimental setup of Thompson et al. (2010) hydroponic corn growth 
Two treatments were conducted where each corn plant was grown for 23 days. The 
first treatment was conducted to establish uptake distributions of plutonium and iron in the 
corn, while the second treatment observed competition between plutonium and iron uptake.  
The first experiment compared plant uptake of ~37 kBq 238Pu(DFOB) and ~37 kBq 
59Fe(DFOB). It was concluded that more 59Fe activity was found in the shoots than Pu, but 
more Pu was found in the roots than Fe. Additionally, the iron concentrations were much 
greater in the shoots but also increase with shoot length. The plutonium concentrations 
stayed within the 0-10 Bq/g range as shoot length increases. Thompson et al. (2010) also 
concluded from experiment one that once plutonium enters the plant xylem, Pu and Fe are 
treated similarly by the plant.  
The second treatment compared plant uptake of ~37 kBq Pu(DFOB) and either 0 
or 10x Fe concentration found in the hydroponic nutrient solution. Thompson et al. (2010) 
hypothesized an iron deficiency (0x Fe) in the plants would cause a release of 
phytosiderphores from the plant roots, thus causing an increase in plutonium uptake. 
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Alternatively, the abundance of iron (10x Fe) may “oversaturate” the plant and prevent 
plutonium from being translocating through the plant. Thompson et al. (2010) concluded 
Fe did not interfere with Pu uptake but made note that the plants were grown in Fe nutrient 
solution prior to removing Fe from solution, so it was unclear whether there was residual 
Fe content in the plants.  
The Thompson et al. (2010) results provide a preliminary understanding of how 
Pu behaves in the plant, particularly the observation that Fe does not influence Pu uptake 
and the two are treated similarly once inside the plant xylem. These results also provide 
basis for the Fe/Pu ratios that are utilized in this project, as well as adaptation of the 
experimental design.  
1.3  Applications 
There are two applications in which understanding the mechanisms that influence 
iron uptake, and potentially plutonium uptake, can be beneficial. The first is 
phytoremediation, which is a technique that utilizes plants to extract or sequester 
contaminants during environmental restoration efforts. The second application is a nuclear 
forensics or nuclear monitoring approach, which can allow for the examination of facility 
activities or even serve as a record of past activities.  
1.3.1 Phytoremediation 
The two main categories of phytoremediation are direct phytoremediation and 
explanta phytoremediation (Sharma et al., 2015). Direct phytoremediation involves the 
uptake of contaminates through the roots of the plant and translocation to the shoots of the 
plant (Sharma et al., 2015). Explanta phytoremediation (rhizoremediation) involves the 
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release of enzymes from the plants roots, which causes contaminants to remain immobile 
in the rhizosphere (Sharma et al., 2015).  
There are several different modes of phytoremediation, and only two will be 
discussed here. The first is phytostabilization/phytosequestion in which complexes are 
formed by the release of chelating substances that allow contaminates to absorb and 
accumulate onto the roots of the plant (Sharma et al., 2015). The second is 
phytoaccumulation/phytoextraction which involves translocation of contaminations from 
the roots of the plant to the shoots of the plant (Sharma et al., 2015). 
 Poniedzialek et al. (2010) states the plants that are most effective to use in 
phytoremediation strategies are hyperaccumulators, or plants that can accumulate high 
concentrations of metals like cadmium (Cd), lead (Pb), and zinc (Zn). Plants that have a 
metal bioconcentration factor (shoot to soil metal concentration ratio) of 20 and a biomass 
production of 10 tons per hectare (or vice versa) are also considered ideal for 
phytoremediation (Poniedzialek et al., 2010). Phytoremediation techniques involving 
hyperaccumulators utilize the phytoaccumulation/phytoextraction mode of 
phytoremediation (Sharma et al., 2015).  
Phytoextraction of uranium with the assistance of soil amendments, such as citrate 
or EDTA, have been a topic of several studies (Duquene et al., 2009; Huang et al., 1998).  
Citric acid appeared to be the most effective amendment in increasing uranium soil 
solubility, with shoot concentrations of uranium in Brassica juncea and Brassica chinensis 
grown in citrate-uranium infused soil increasing 1,000 times than those grown in soil 
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without citrate, proving phytoextraction with soil amendments to be an effective 
remediation technique (Huang et al., 1998).   
Corn (Zea mays) is classified as a C4 photosynthetic plant, which refers to the plants 
carbon fixation process. Typically, C4 plants have a higher water and light use efficiency 
and reduced photorespiration compared to the other carbon fixation pathways, C3 and CAM 
(Leegood, 2001). Corn has also been considered as an effective plant for phytoextraction 
due to its ability to hyperaccumulate heavy metals. For example, in order to be considered 
a hyperaccumulator of lead, the plant must be able to accumulate more than 1000 mg kg-1 
in their shoots (Poniedzialek et al., 2010). Pereira et al. (2007) determined corn can 
accumulate concentrations of Pb in the shoots reaching 1,500 mg kg-1. Additionally, it has 
been determined that the highest accumulation concentrations of contaminants in corn 
occur during the first 21-30 days of growth, allowing for a quick and effective 
phytoremediation process (Wuana and Okieimen, 2010).  
1.3.2 Environmental monitoring 
The second application of understanding iron and plutonium uptake behavior was 
the use of plants as a nuclear monitoring approach. This application includes 
biomonitoring, in which hyperaccumulators may provide seasonal or time-integrated 
variations in heavy metal concentrations of a specific region (Rainbow, 1995). In terms of 
radionuclides, biomonitors could be used to monitor radionuclide concentrations in the 
atmosphere or soil in case of a nuclear accident or nuclear weapons test.  
An example of the use of biomonitoring includes a study investing the lichens 
surrounding the Rocky Flats Plant, which were collected and the concentrations of Pu were 
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determined. It was concluded the lichen Pu concentrations decreased as distance from the 
contamination site increased, and in the same wind direction as during initial contamination 
(Thomas and Ibrahim, 1995). Although Pu is considered to be immobile in the soil, there 
is substantial potential for the biomonitoring ability of atmospheric Pu contamination.  
Phytoremediation and biomonitoring are a few of the benefits that can be gained 
from understanding Pu behavior in the environment. The Pu plant pathway is still unclear 
and investigating the possibility of a shared Fe/Pu pathway could contribute to the use of 
plants as Pu phytoremediators or biomonitors. Knowledge on how the contaminant is 
sequestered in the plant must be available in order to provide efficient and successful 
remediation/monitoring strategies. Therefore, the motivation behind this project is to 
investigate the uptake and competition between Pu and Fe in plants, specifically corn, in 
order to better understand Pu behavior and transport in the environment. This will provide 
valuable knowledge on the removal of Pu contamination from the ground and water and 
even successfully model future Pu transport.  
1.4 Research objectives 
The purpose of this project was to investigate whether iron and plutonium have 
similar uptake behavior in corn which was done by meeting the following overall research 
objectives:   
1. Quantify the uptake of plutonium (Pu) in hydroponically-grown corn (Zea mays), 
considering Fe species with and without one of the Fe transport proteins, YS1. 
2. Compare the uptake of Pu to that of iron (Fe) and determine if coincident exposure 
influences this uptake. 
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3. Compare the ability of the complexing ligands citrate and DFOB to facilitate 
plutonium uptake 
Several experiments were conducted in order to achieve the research objectives, 
including determination of whether Pu and Fe share an uptake pathway and Pu versus Fe 
uptake competition. Two different strains of corn were grown in a hydroponic solution. 
The first corn strain of corn was typical yellow corn, referred to as Truckers Favorite, a 
normal, healthy strain. The second strain was a mutant strain of corn referred to as Yellow 
Stripe 1 (YS1), which lacks the YS1 gene and subsequently the ability to utilize iron-
phytosiderophore complexes, thus resulting in iron-deficiency symptoms (Kim and 
Guerinot, 2007).  If plutonium was present in the shoots of YS1, then it could be concluded 
that the pathway between iron and plutonium in corn is different. It could also be possible 
that the YS1 corn strain mutant may have other transport genes besides YS1, resulting in 





MATERIALS AND METHODS 
As mentioned in Chapter One, two different corn strains, Trucker’s Favorite (TF) 
and Yellow Stripe 1 (YS1), are utilized throughout the span of this project. TF 
(MyPatriotSupply.com, Salt Lake City, UT) is typical yellow corn and YS1 is a mutant 
strain of corn that displays iron deficient characteristics, which will be discussed later in 
further detail. YS1 was obtained from Maize Genetics COOP Stock Center (Urbana, IL). 
Three different batches of YS1 were used and are denoted as YS1-2008, YS1-2011, and 
YS1-2007 throughout this project.  
2.1 Experimental Methods 
The following sections outline the general experimental methods used in this 
project. Individual experiments are discussed in Section 4.2. A brief summary is provided 
in Figure 2.1 and each procedure is discussed in more detail in Section 4.1.1 – Section 4.1.7. 
 
Figure 2.1. Post-growth analysis flow-chart for all experiments. 
Digest 
Analyze 
• Ash at 500 ºC for 4 hours 
• Benchtop digestion  
• Microwave digestion with 9:1 HNO3:H2O2 




• Remove plant from HP solution 
• Rinse roots with DDI 
• Perform autoradiography 
• Cut and separate roots and shoots 
• Weigh 
 




2.1.1 Corn Germination and Hydroponic Solution 
 
To germinate the corn, two to three corn kernels were placed between two filter 
papers moistened with distilled deionized water (DDI) in a plastic petri dish. The petri dish 
was then wrapped with Parafilm to prevent air and bacteria from affecting corn 
germination, as represented in Figure 2.2. 
 
Figure 2.2. Images of TF corn germination procedure. The corn seeds are (a) placed in the petri dishes, (b) covered 
with moist filter paper, and (c) petri dishes are wrapped in Parafilm. 
After germination, the corn grew for seven days in mason jars containing a 
Hydroponic (HP) solution.  The base HP solution consisted of the following compounds in 
milligrams per liter (mg L-1): 946 Ca(NO3)2∙4H2O, 150 KCl, 120 MgSO4, 68 KH2PO4, 0.69 
H3BO3, 0.06 ZnSO4∙7H2O, 0.024 Na2MoO4∙2H2O, 0.022 MnCl2∙4H2O,  0.017 
CuCl2∙2H2O, 0.60 FeCl3 (Garland et al., 1981). Each compound was weighed on plastic, 
hexagonal weigh boats to the nearest milligram on a Mettler Toledo XS104 (Columbus, 




and a 5 mL disposable pipette to ensure complete transfer of the compound. It should be 
noted that the HP solutions for the Pu uptake and competition studies were made at higher 
concentrations levels, then diluted and pH balanced prior to use. The pH of the HP solution 
was balanced to a pH of  6.0 (Thompson, 2010) using either 10 millimolar (mM) or 50 mM 
KOH.  
2.1.2 Experimental Setup 
The corn grew in groups of Ball mason jars (750 mL), as represented in Figure 2.3 
with an example shown in Figure 2.4.  
 
Figure 2.3. Experimental setup of one group of mason jars. 
 
Figure 2.4. Example of experimental set up. Aluminum foil is not shown to allow the air stones and airlines to be seen. 
 19 
The mason jars were wrapped in aluminum foil to prevent light stress to the corn 
roots. A variable-pressure air pump (Top Fin, Phoenix, AZ) continuously pumped air into 
the HP solution through air stones (Grrreat Choice, Phoenix, AZ) to provide a source of 
oxygen to the corn. Gang valves (Top Fin, Phoenix, AZ) and airline connectors (Grrreat 
Choice, Phoenix, AZ) were used to further control the air flow and enable supply to 
multiple mason jars. The air stones were allowed to soak in DDI for one week prior to the 
beginning of an experiment to remove any loose particles that may contribute to the iron 
concentration in the HP solution. The air stones were rinsed off with DDI before use.  
Due to the inevitable evaporation and transpiration of the HP solution, corn was 
placed in a custom “float” on top of the HP solution, allowing the roots to remain fully 
immersed in the HP solution for the duration of the experiment. To form the floats, craft 
foam sheets (Creatology, Irving, TX) were cut into approximately 7.0 centimeter (cm) 
diameter, 0.5 cm thick circles that gently slid into the mason jars, allowing support for the 
corn kernel and shoot (Figure 2.5).  
 





Each foam circle had one hole near the side to allow room for the Teflon airline 
tube, and one hole cut into the center of the foam circle to allow a holding spot for the corn 
seed. The holes were cut using a paper hole-punch. 
 The mason jars were placed under a growth lamp (Jump Start T5 Grow Light, 
Hydrofarm, Inc., Medley, FL) with a light intensity between 11030 and 11060 Lux 
(measured with a Fisher Scientific Traceable light meter (ISO 17025, Waltham, MA)) at 
the surface of the mason jars. The grow light was 4 feet (1.2 m) long and employed four 
full spectrum, 6400k T5 lamps. The light was hung approximately 30 centimeters above 
the mason jars.  
 Additionally, the root and shoot growth, temperature and humidity were recorded 
for each experiment. The bottom of the leaves of corn grown in Fe deficient HP solution 
were foliar fertilized, which is discussed further in Section 2.2. The leaf color was also 
recorded for each plant using the Munsell Plant Tissue Color Book. In the Munsell color 
system leaf color is categorized by hue, value, and chroma. Hue represents color, value 
represents lightness of the color, and chroma represents the level of color saturation. There 
are five primary hues: red (R), yellow (Y), green (G), blue (B), and purple (P), and there 
are five secondary hues: yellow-red (YR), green-yellow (GY), blue-green (BG), purple-
blue (PB), and red-purple (RP). There are ten “steps” between each primary hue, ranging 
from 0 to 10 in increments of 2.5, with the five primary hues and five secondary hues being 
given a value of 5. The closer to 5 a value, the closer the color is to the designated primary 
or secondary hue. Value is a number between 0 and 10, with higher numbers indicating a 
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lighter color. Lower chorma numbers indicate greater color saturation but there is no 
minimum or maximum value for chroma (Munsell Plant Tissue Color Book, 2012).   
Mason jars were carefully cleaned between experiments. First, they were rinsed 
twice with 1% Radiacwash (Biodex, Shirley, NY) and DDI.  They were then scrubbed with 
a sponge and Dawn (Procter and Gamble, Co., Cincinnati, OH) soap and rinsed again with 
DDI. Finally, the jars were rinsed with a 1:10 ethanol:DDI solution.  
2.1.3 Corn Harvesting and Drying 
Harvesting of corn occurred one week after being placed in HP solution. When 
harvesting, the roots were rinsed with continuously flowing DDI, cut, and separated from 
the shoots. Approximately 10 mL of HP solution was also sampled the end of all 
radionuclide experiments for mass balance analysis. The pH of the HP solution was also 
measured.  
After the roots and shoots were cut and weighed, they were placed in aluminum 
weigh boats in an oven to dry for 72 hours at 50ºC (Lee et al., 2002), and reweighed. 
2.1.4 Autoradiography 
Storage phosphor radiography (SPR) was used to allow visualization of where 242Pu 
or 55Fe translocated within the plant and to compare to ICP-MS and LSC results. SPR 
utilizes a photostimulable phosphor screen, where absorbed energy is captured by electrons 
that are in a metastable energy level. The energy relief is stored as an image on the 
autoradiography plate until exposed to light with a longer wavelength than the emission of 
the phosphor, referred to as the read-out process. When the electrons are released from the 
metastable energy level, they emit light that is collected by a photomultiplier tube which 
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converts the light into an electrical signal. The light that is used in the read-out process is 
a fine laser beam with a 50-200 mm spot size (Schaefer-Prokop and Prokop, 1997; Seggern, 
1999).  
The plants selected for autoradiography imaging had the highest root and shoot 
length in each uptake and competition experimental group. Corn was removed from the 
HP solution on the last day of the experiment and the roots were rinsed in continuously 
flowing DDI. The roots were then separated from the shoots due to the kernel preventing 
the autoradiography exposure cassette from completely closing. Corn shoots and roots 
were placed on XRF Thin Mylar Micro Fine (2SPI Supplies, West Chester, PA) on the 
exposure cassette and were then covered with more Mylar to prevent contamination of the 
autoradiography plate, as represented in Figure 2.6. 
 
Figure 2.6. Image of corn placement on the autoradiography exposure cassette. 
Mylar 




The autoradiography plate was placed on the plant in the cassette and the cassette 
was closed. The plates were exposed for six days while being wrapped in a dark trash bag 
and stored in a laboratory cabinet to ensure complete darkness. It should be noted the YS1 
group of the 1 ppb Pu-DFOB experiment, all of the 10 ppb Pu-DFOB corn plants, and the 
first competition experiment plants were exposed directly after being removed from the 
HP solution. The other autoradiography images occurred several weeks after harvest. It 
was assumed the activity concentrations would have remained the same as directly after 
harvest due to the long half-life of 242Pu (375,000 years).  
After the six-day exposure, the plates were read using the phosphor imaging feature 
on the Typhoon FLA 7000 (GE, Fairfield, CT) software and saved as .TIF images. The 
time between removing the plant from the cassette and reading the plate was approximately 
thirty minutes. The images were then viewed by editing the exposure, contrast, and 
brightness in Adobe Photoshop CC 2015 (San Jose, CA). In order to clear the 
autoradiography plates after exposure to prepare for the next six-day exposure, the plates 
were placed on a light table for one hour..  
2.1.5 Ashing 
Ashing of plants removes organic matter from the plant sample through high 
temperature combustion to prepare plant samples for elemental analysis (Sahrawat et al., 
2002). Dry ashing was used in this project due to the high recovery of potassium (K), 
magnesium (Mg), and iron (Fe) compared to wet ashing (Sahrawat et al., 2002). The plants 
were ashed in a Lindberg Blue M (TPS, White Deer, PA) furnace. The ashing process was 
conducted following ASTM Standard D4638-11, in which samples were placed in the 
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furnace and the temperature was raised to 500 ºC in 50 ºC increments every thirty minutes. 
After 500 ºC was achieved, the samples remained in the furnace for another four hours.  
2.1.6 Microwave Digestion 
Microwave digestion utilizes a nitric acid/hydrogen peroxide mixture (highest 
recovery for Fe in botanical samples) and high temperature to encourage complete 
dissolution of samples in preparation for elemental analysis (Enamorado-Ba et al., 2013; 
Mangum, 2009; Welna et al., 2011). In this project, all ashed plants were microwave 
digested in order to prepare for multi-element analyses on the ICP-MS and for 242Pu/55Fe 
analysis on the LSC. The microwave digestion procedure followed was EPA Method 3052, 
which has been shown to have a high recovery of elements, including Fe and K (Chen and 
Ma, 1998).   
After ashing, the samples were transferred to microwave digestion tubes, in which 
9 mL concentrated nitric acid (70%) (HNO3) and 1 mL hydrogen peroxide (30%) (H2O2) 
were added (EPA Method 3052). The digestion tubes were allowed to sit on the lab bench 
for approximately an hour to ensure any reactions between the remaining organic matter 
and the hydrogen peroxide took place before putting the digestion tubes in the microwave. 
Tubes were lightly capped to allow any pressure to vent and the tubes were then placed in 
the MARSX (CEM, Matthews, NC) microwave. The temperature was ramped to 180 ºC 
over 5.5 minutes and maintained at 180 ºC for 9.5 minutes (EPA Method 3052). The 
samples were then allowed to cool for another hour in a refrigerator.  
2.1.7 ICP-MS Analysis 
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Finally, inductively coupled plasma-mass spectrometry (ICP-MS) analysis was 
conducted on all experiments mentioned in the Section 2.2. ICP-MS uses an inductively 
coupled argon plasma at a temperature between 6000-8000 kelvin (K) in order to 
decompose samples into their atomic components. The ions are then separated from the 
plasma and measured by an ion detector (Hou and Roos, 2008). ICP-MS standards ranging 
from 0.1 ppb to 1500 ppb were created for multi-element analysis of magnesium, (Mg), 
potassium (K), calcium (Ca), and Fe using a 2000 mg L-1 reference standard (VHG Labs, 
Part No. 1600601, EPA Method 6020). Molybdenum (Mo) was also included in the multi-
element analysis and the ICP-MS standards were made from a 10 mg L-1 reference stock 
(VHG Labs, Part No. 1600595, EPA Method 6020). ICP-MS standards for 242Pu were 
created ranging from 0.005 to 20 ppb using a 242Pu laboratory stock. Calculations for 
standard preparation are in Appendix B.  
Sample preparation began by collecting a 1.5 mL aliquot of microwave digested 
sample solution in a 2 mL centrifuge vial and centrifuged on a VWR 1207 centrifuge 
(Radnor, PA) for 20 minutes at 8,000 rpm. After centrifuging, 0.1 mL of sample was 
removed from the centrifuge vial, transferred to a 15 mL centrifuge tube, to which 9.90 mL 
of 2% HNO3 was added. When analyzing for Pu alone, the 1 mL of centrifuged sample 
was removed from the centrifuge vial, transferred to a 15 mL centrifuge tube where 9 mL 
of 2% HNO3 was added. The samples were then stored in a refrigerator until ICP-MS 
(XSeries 2, Thermo Scientific, Waltham, MA) analysis.  
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Using the data provided by the ICP-MS, the concentration ratios (CR) and transport 
indices (TI) of magnesium, potassium, iron (if available), and plutonium (if available) were 
calculated using Equation 2.1 and Equation 2.2  (Lee et al., 2002).  
𝐶𝐶𝐶𝐶 =  
Pu concentration in plant
Pu concentration in HP soln
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2.2 Experiments 
The following sections are descriptions of the actual experiments that were 
conducted throughout the entirety of this project. Please note that all experiments follow 
the setup as discussed in Section 2.1.  
2.2.1 Determining Appropriate Growth Conditions 
A series of preliminary experiments were conducted in order to prepare for the main 
uptake and competition experiments. The preliminary experiments tested foliar fertilization 
(FF) techniques and growth conditions, appropriate citrate concentrations, and uranium, 
neptunium, and thorium radionuclide uptake in preparation for future Pu uptake 
experiments. Each experiment utilized the TF corn strain to allow the limited YS1 corn 
seeds to be used for later Pu uptake and Pu/Fe competition experiments.  
2.2.1.1 Foliar Fertilization and Growth Conditions 
As mentioned in Chapter One, YS1 typically displays iron deficient characteristics, 
specifically interveinal chlorosis (Nozoye et al., 2013). YS1’s iron deficiency is due to a 
lack of the YS1 gene, which is responsible for uptake of Fe into the roots from the 




by spraying Fe directly onto the leaves (Roberts et al., 2004). This method is referred to as 
foliar fertilization and two experiments were conducted in which the effect of two types of 
foliar fertilization solutions on TF corn growth were observed. Nine mason jars were set 
up, where three jars were filled with 600 mL of the HP solution containing FeCl3 and the 
remaining jars were filled with 600 mL of the HP solution without FeCl3. In the first 
experiment, the foliar fertilization solution contained the FeCl3 HP solution and a drop of 
Dawn soap (a surfactant) to ensure iron collection on the leaves. After noticing a yellowing 
of leaves, indicating iron deficiency (Nozoye et al., 2013), the second experiment was 
changed to have an identical set up, but the foliar fertilization solution consisted of twice 
the FeCl3 concentration (1.20 mg L-1) as found in the HP solution, DDI, and a drop of Dawn 
soap. An additional two experiments were conducted to ensure appropriate growth 
conditions for future primary experiments and grew twelve corn plants instead of nine to 
allow for a larger sample size.  
2.2.1.2 Citrate Concentration 
In order to ensure complete complexation of plutonium [242Pu(C6H5O7)+] with 
citrate ligands and to minimize the amount of plutonium that may precipitate out of 
solution, the complexation of citrate and plutonium was modeled in Geochemist 
Workbench (Champaign, IL). The model showed the ideal citrate concentration would be 
six orders of magnitude greater than the plutonium concentration present in solution. Two 
experiments were to determine the influence of citrate in the HP solution on corn.  
The calculations to determine the amount of sodium citrate (Na3C6H8O7·2H2O) 
needed were based on the activity concentration of plutonium used in Lee et al. (2002), 40 
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Bq mL-1 plutonium. The mass concentration of plutonium was calculated used the Equation 






The first experiment consisted of four groups of three mason jars, with TF grown 
in all twelve jars. The experimental setup is depicted in Figure 2.7. 
 
Figure 2.7. Visual representation of the citrate concentrations (ranging from 2× to 1,000,000× the concentration of 
Pu) for each set of jars in the first round of citrate experiments. 
A 200 mL stock solution of 106 × [Pu] citrate concentration (16.87 g sodium citrate) 
was made and a serial dilution was conducted in order to obtain lower concentration 
solutions. The control did not contain citrate.  
Due to a reaction occurring with the oxygen bubbles and excess citrate (discussed 
further in Chapter 5), the second experiment had a similar experimental set up, but with 
different citrate concentrations, as represented in Figure 2.8.  
 
Figure 2.8. Visual representation of the citrate concentrations (ranging from 10× to 1,000× the concentration of Pu) 
for each set of jars in the second round of citrate experiments. 
Control 
(No citrate) 
10,000 × [Pu] 1,000,000 × [Pu] 2 × [Pu] 
Control 100 × [Pu] 1,000 × [Pu] 10 × [Pu] 
(2.3) 
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The target citrate concentrations were lower than the first citrate experiment: 10x 
[Pu], 100x [Pu], and 1000x [Pu]. The highest target citrate concentration solution was 
created as the citrate stock solution, similar to Experiment 1. However, instead of a serial 
dilution, 0.6 mL and 0.06 mL of the stock solution were added directly to the HP solutions 
for the 100×[Pu] and 10×[Pu] target concentrations, respectively. The control did not 
contain citrate. 
2.2.2 Determination of Plutonium and Iron Uptake 
Both TF and YS1 were utilized in this experiment. All YS1 plants and any TF plants 
not receiving iron in HP solution received FF to prevent iron deficiency. FF techniques 
were determined in Section 2.2.1 and include spraying a FeCl3/DDI solution directly onto 
the leaves, specifically on the bottom of the leaves. Two sets of experiments were 
conducted to compare the Pu and Fe uptake pathways.  
2.2.2.1 Iron Uptake 
This experiment investigated iron uptake and subsequent translocation into the 
shoots of the corn. There were four groups of three mason jars each, as shown in Figure 
2.9.  
 


















The first set of mason jars grew TF in 600 mL iron-free HP solution but received 
foliar fertilization, to mimic the YS1 strain. The second set also grew TF in iron-free HP 
solution but did not receive foliar fertilization, meaning no iron was available to the corn, 
in order to observe completely iron deficient conditions. The third set grew TF in HP that 
did contain iron to act as the control and represent “healthy” corn. The final group grew 
YS1 in FeCl3 HP solution and received foliar fertilization to confirm lack of Fe uptake in 
YS1 mutant corn strain. The FeCl3 concentration was 600 ppb (0.6 mg L-1), the same as 
that used in the preliminary experiments (Garland et al., 1981).  
2.2.2.2 Plutonium Uptake 
Experiments investigating Pu uptake pathways consisted of a similar set up as 
experiments in Section 2.2.2.1, but the HP solutions contained 242Pu instead of Fe. 
Additionally, 500 mL of HP solution were used instead of 600 mL to reduce waste 
volumes. Plutonium was complexed with either citrate or DFOB to investigate the 
influence of plutonium complexation with various complexation agents in addition to Pu 
uptake/translocation potential into corn. Due to similarities seen in growth between TF 
(with FF) and TF (without FF) in Section 2.2.2.1, the latter group was removed, allowing 




Figure 2.10. Experimental setup of all the plutonium uptake experiments, containing citrate or DFOB. All groups 
received FF. 
To determine whether the previously chosen 1 ppb and 10 ppb Pu concentrations 
would be detectable on the ICP-MS, corn plants from the first experiment in 2.2.1 were 
digested and then ran on the ICP-MS to determine the general concentration of nutrients in 
the shoots and roots of the plant. The minimum and maximum concentration of Pu to add 
to HP solution was calculated to be 0.1 and 10 ppb, respectively, based on the minimum 
detection limit of 242Pu on the ICP-MS and the Pu transfer factor in plants. Although the 
minimum concentration was calculated to be 0.1 ppb, it was decided to use 1 ppb Pu to 
spike into the HP solution to ensure ICP-MS detection and translocation into the plant. The 
calculations can be found in Appendix B.  
Plutonium stock solutions (60 mL) were made using a 38,500 ppb 242Pu laboratory 
stock. The Pu solutions were counted on the Tri-Carb 4910TR LSC (PerkinElmer, 
Waltham, MA) prior to HP solution spike to determine exact concentrations after three-
day complexation with 1,000× (72.86 mg/60 mL) citrate. The Pu-citrate solution was 
allowed to complex for approximately three days before spiking. Five mL of the plutonium 
stock solutions was spiked into the HP solution after the corn was placed into the HP 






No Pu  
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Five experiments were conducted using this experimental setup. A summary of 
these experiments is shown in Table 2.1. Summary table of Pu uptake experiments. The 
experimental setup applies to all experiments mentioned.. The concentrations represent the 
amount of Pu added to the HP solutions and calculations were based on the LSC results of 
the Pu solutions made.  











TF:  (1) HP (no Pu) with FF 
  (2) Pu HP with FF 
YS1: Pu HP and FF 
15.5 1.72 
DFOB 1.61 0.18 15.9 1.76 
 
In experiments one and two, 1.58 parts per billion (ppb) and 15.5 ppb plutonium 
were complexed with citrate, respectively, and spiked in the HP solutions. The 15.5 ppb 
plutonium-citrate experiment was conducted twice due to lack of sufficient growth of the 
corn in the first round. Alternatively, 1.61 ppb plutonium and 15.9 ppb plutonium were 
each complexed with DFOB and spiked into the HP solution for experiments three and 
four, respectively. The DFOB concentrations were calculated using the same method as 
the citrate concentrations and the calculations can be found in Appendix B.  
YS1-2008 was used in the 1.58 ppb Pu-citrate experiment. YS1-2011 was used in 
the remaining Pu uptake experiments. When germinating YS1-2011 for the first time, the 
corn kernels produced a black mold which had not been seen thus far. To prevent molding 
in the future, YS1 corn kernels were sterilized by soaking in a 50:50 bleach/DDI mixture 
 33 
in a petri dish for approximately five minutes (Clough and Bent, 1998) and rinsed before 
germination.  
Preliminary autoradiography was conducted on the YS1 group from the second 10 
ppb Pu-citrate experiment and on the all three groups in the 1.61 ppb Pu-DFOB experiment 
and. The plants were exposed for 5 and 6 days for the citrate and DFOB corn, respectively, 
and is discussed further in Chapter 5.  
2.2.3 Plutonium versus Iron Uptake Competition 
Three experiments were conducted to investigate potential competition between 
plutonium and iron uptake in corn. Each round will consist of a different Pu/Fe ratio:  
Experiment 1  10 ppb 242Pu versus 1 ppb Fe 
Experiment 2  1 ppb 242Pu versus 10 ppb Fe 
Experiment 3  10 ppb 242Pu versus 10 ppb Fe 
Stable FeCl3 was used to obtain the desired concentrations and 55Fe was added with 
stable Fe to be used as a tracer for later measurement on the LSC. The plutonium stock 
solutions were made exactly the same as in Section 2.2.2.2. The FeCl3 stock solution 
calculations are represented in Appendix B.  
To determine how much 55Fe tracer to use, the 242Pu spectra of the Pu-citrate 
solutions made for competition experiments were observed on the LSC to determine if 
there were any 241Pu impurities, which can confound the measurement of 55Fe on the LSC 
due to overlapping of 55Fe and 241Pu energy spectra (Gudelis et al., 2005). The highest beta 
count from the 242Pu stock solutions was 3,111 cpm mL-1. Therefore, the 55Fe stock 
solutions were made to reach a beta count of 3,500 cpm mL-1, allowing easy distinction 
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between 241Pu and 55Fe when counting plants samples on the LSC. The concentration of 
55Fe would remain negligible (1.89 x 10-4 ppb) to the stable iron concentration. The 
calculations are shown in Appendix B.  
 The experimental setup for the competition experiments is represented in Figure 
2.11.  
 
Figure 2.11. Experimental setup of competition experiments. 
All three experiments were conducted simultaneously, and corn plants from each 
group were randomly distributed under two growth lamps. There were also jars without 
corn but contained the various concentrations of Pu and Fe HP solution to account for 
potential Pu absorption to the mason jar walls. The 242Pu, FeCl3, and 55Fe were spiked into 
the HP solutions approximately one day after the corn were placed into solution after 
germination. Five mL of the 242Pu stock solutions were spiked into the HP solution, either 
0.5 mL or 5 mL FeCl3 were spiked in to achieve 1 ppb and 10 ppb concentrations, 





















RESULTS AND DISCUSSION 
3.1. Determining Appropriate Growth Conditions 
As mentioned in Chapter Two, four experiments were conducted in order to 
compare foliar fertilization (FF) treatments, growth conditions, and to determine overall 
plant health of corn grown in hydroponic solution. The first and second experiments 
consisted of nine plants which received either FF Type 1 or FF Type 2, respectively. The 
third and fourth experiments were comprised of twelve plants which received FF Type 2. 
The hydroponic solution was created with the same nutrient composition for all four 
experiments (Garland et al., 1981).   
3.1.1. Foliar fertilization 
Two different types of FF treatments were compared to determine which would be 
best for YS1 growth. FF Type 1 represents the foliar fertilization solution containing FeCl3 
hydroponic solution (0.60 mg L-1 FeCl3), while FF Type 2 represents the foliar fertilization 
solution with only 1.20 mg L-1 FeCl3 mixed with DDI. Both solutions had a drop of Dawn 
soap to act as a surfactant. A comparison of median shoot length for the two foliar 




Figure 3.2. Comparison of median shoot length using FF Type 1 or Type 2. Please 
note the experiments were conducted at different times, and FF Type 2 shoot length on 
day 6 was not measured. 
 
 Figure 3.1 shows that the median shoot length of plants receiving FF Type 2 was 
less than the shoots that received FF Type 1. Example images of shoots receiving each type 
of foliar fertilization are shown in Figure 3.2, and observed leaf colors are listed in Table 
3.1.  
 






















Table 3.1. Leaf color of the plants that received foliar fertilization treatment. 
The colors of plants shown are of the only ones that received FF treatment. 
Experiment Plant Leaf Color 
FF Type 1: HP Solution 
1 2.5GY (7/6) 
2 2.5GY (6/6) 
3 2.5GY (8/4) 
FF Type 2: 1.20 mg L-1 FeCl3 
7 5GY (4/8) 
8 5GY (5/6) 
9 -- 
 
Figure 3.2 (a) shows slight interveinal chlorosis and damage to leaves of a corn 
plant receiving FF Type I. Such symptoms are typical for plants experiencing an iron 
deficiency (Uchida, 2000). Plants receiving FF Type 2 had a healthy leaf color and no 
damage. All the plants receiving FF Type 1 had a leaf hue of 2.5GY, a value number 6 or 
higher, and between a 4-6 chroma, meaning the plant was a very light green-yellow. The 
plants receiving FF Type 2 all had a hue of 5GY, a value number of either 5 of 6, and a 
chroma above 6, indicating a green-yellow color closer to “true” green (5G).  
It was concluded that the high shoot length was due to the FF Type 1 plants 
receiving supplemental essential nutrients (e.g. potassium, magnesium, etc.) from the 
hydroponic foliar fertilization spray; nutrients sprayed directly onto the shoots of the plants 
resulted in larger shoot growth. Although the shoots grew more, visible chlorosis gave 
indication that the plant was still not receiving enough Fe in the shoots. Therefore, mixing 
1.20 mg L-1 FeCl3 with 1 L DDI produced the best results for the health of the plant, and 
was used for future experiments. It should be noted that differences between experiments 
may also be attributed to differences in plant biomass and it was assumed the differences 
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contribute to minor fluctuations in the data. This assumption was applied to every data set 
collected. 
3.1.2. Growth Conditions  
After establishing foliar fertilization technique, two experiments were conducted 
utilizing the established technique to ensure growth results were reproducible. 
Comparisons of magnesium (Mg) and potassium (K) nutrient uptake between the three 
different experimental groups of the duplicated foliar fertilization experiments (numbered 
as experiments 3 and 4) are presented in Figure 3.3 and Figure 3.4, respectively.  
 
Figure 3.4. Experiment 3 Mg and K concentrations. Note that the K concentration is located on the top half of the 
graph and the Mg concentration is on the bottom half of the graph. "R" represents the root concentration and "S" 





Figure 3.5. Experiment 4 Mg and K concentrations. Please note that the K concentration is located on the top half of 
the graph and the Mg concentration is on the bottom half of the graph. "R" represents the root concentration and "S" 
represents the shoot concentration.  
 
Note that the concentrations are displayed on a log-scale y-axis to demonstrate 
sample variability. Nutrient consistency between experimental groups in each experiment 
demonstrated that plant health was not influenced by treatment, despite biological variation 
in both sets of experiments. The K and Mg concentrations were also similar in value 
between the experiments themselves, indicating repeatability and consistency of the 
hydroponic solution.  
The median Fe concentrations (mg g-1) per experimental group in Experiments 3 
and 4 were also compared and are represented in Figure 3.5.  
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Figure 3.6. Comparison of median iron concentrations in Experiments 3 and 4, where "R" represents root and "S" 
represents shoot. 
 
 The median concentration was chosen as a summary representation of the data 
because it is less influenced by numerically skewed data than the mean (Gilbert, 1987). 
The median root and shoot concentrations of the Fe group in Experiments 3 and 4 were 
almost identical. The group that received FF treatment had the highest median Fe shoot 
concentration due to the Fe being sprayed directly on the leaves. The high Fe concentration 
may also be attributed to the fact that the leaves were not rinsed with DDI prior to digestion 
and analysis, potentially allowing “residual” Fe on the shoots to cause an increase in shoot 
Fe concentrations. Despite this, Fe concentrations in the shoots of the FF treated plants 
were similar in both experiments, indicating consistency in FF application technique. Both 
groups grown in Fe deficient HP solution had a lower median root Fe concentration 
compared to those grown in Fe HP solution. A summary of the median root and shoot Fe 
concentrations of each group are shown in Table 3.2.  
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Table 3.2. Median iron concentrations in Experiments 3 and 4. 
Experiment Group 











Fe 0.0078 0.0028 0.0173 0.0017 
No Fe 0.0005 0.0022 0.0010 0.0005 
No Fe (FF) 0.0034 0.0024 0.0296 0.0126 
4 
Fe 0.0044 0.0011 0.0140 0.000 
No Fe 0.0037 0.0025 0.0076 0.0064 
No Fe (FF) 0.0004 0.0006 0.0588 0.0183 
 
Overall, the median Fe concentrations remained relatively consistent between 
experimental groups in Experiments 3 and 4, demonstrating consistency with foliar 
fertilization and growth methods.  
3.1.3. Citrate Concentration 
In preparation for the Pu experiments utilizing a citrate complexation agent, two 
preliminary experiments were conducted in which various citrate concentrations were 
added to the HP solution (without Pu) in order to observe how the citrate may react with 
the HP solution and influence corn growth.  
Figure 3.6 illustrates the effect of citrate on the hydroponic solution in the first 




Figure 3.6. Photos of hydroponic solutions containing high citrate concentrations, specifically 106 × plutonium 
concentration (left) and 104 ×  plutonium concentration (right). 
 
The first experiment was not completed in full as the citrate overpowered the 
hydroponic solution, turning it a turbid yellow color. The the air stone bubbler also caused 
the citrate to form a yellow foam  that eventually started overflowing the mason jar. Thus, 
higher citrate concentrations were not deemed suitable for the upcoming Pu experiments. 
This preliminary experiment was repeated with lower citrate concentrations to determine 
usable levels.  
Figure 3.7 shows the root and shoot growth of corn for the second experiment in 
which citrate concentrations were 10 ×, 100 ×, and 1000 × the Pu concentration. 
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Figure 3.7. Median shoot length of corn grown in hydroponic solutions containing various 
concentrations of citrate. 
The ideal citrate concentration (of those considered) for maximizing plant growth 
was 100× [Pu] (Figure 3.7). However, 1000× [Pu] will allow for maximum plutonium 
complexation without over saturating the hydroponic solution with citrate. Therefore, a 
citrate concentration of 1000× [Pu] was used for the Pu uptake and competition 
experiments. To compare the influence of citrate and DFOB on Pu-uptake, 1000× DFOB 
was also used in a similar set of experiments. 
3.2. Plutonium and Iron Uptake 
Five experiments were conducted to investigate and compare Fe and Pu uptake. 
The first experiment consisted of only FeCl3 (no Pu) in the HP solution and the remaining 
four consisted of HP solution without FeCl3 spiked with ~1 ppb or ~10 ppb Pu complexed 



























3.2.1. Iron Uptake  
The shoot and root length comparisons for the Fe uptake experiments are shown in 
Figure 3.8 and the Fe concentrations (mg g-1) in the corn plants are represented in Figure 
3.9.  
     
Figure 3.8. Median root length (left) and median shoot length (right) for Fe uptake experiment of Trucker's Favorite 
and YS1 corn. The YS1 group also received foliar fertilization. 
 
Figure 3.9. Fe concentrations versus experimental group for the Fe uptake study. The "R" (purple 
dots) represent root concentrations, and the "S" (green dots) represent shoot concentrations. Note 











































Interestingly, the YS1 roots grew much less than the TF (no Fe) group even though 
environmental conditions (no Fe in HP) were the same. This may be the result of Fe being 
present in the corn kernels upon germination contributing to corn growth. The 
comparatively longer roots in all the TF groups is comparable to those in the Section 3.1.1 
(Experiments 3 and 4), which also had maximum values of approximately 30 cm, showing 
consistency in root length. The stunted root lengths of the YS1 group are due to the fact 
that the YS1 corn strain cannot uptake Fe through the roots. A symptom of Fe deficiency, 
which was explained in Chapter 1, is stunted root growth. Therefore, the shorter roots of 
the YS1 group are explained by the corn strains inability to uptake Fe.  
TF and YS1 corn plants had similar shoot length in the Fe uptake experiments, 
indicating the FF treatment were sufficient for maintaining similar growth rates between 
YS1 and TF plants. The groups that received FF treatment had the highest Fe shoot 
concentrations due to Fe being sprayed directly onto the shoots. The YS1 group had median 
root and shoot concentrations of 1.214 and 2.322 mg g-1, respectively, and had the highest 
Fe root concentrations out of all four experimental groups. This may be attributed to Fe 
sorption onto root surface instead of Fe uptake, as YS1 plants are unable to take up Fe, as 
well as Fe being present in the corn kernel upon germination, as previously mentioned. 
Additionally, mass balance calculations were conducted for the Pu uptake experiments and 
can be found in Appendix B. Overall, only three value were within 10% different from the 
initial Pu added, meaning twenty-four jars of the Pu uptake experiments had Pu 
unaccounted for. This could have been a result of Pu sticking to the air stones and the 
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bottom of the craft foam circles. Transport indices and concentration ratios varied for each 
plant sample and can be found in Appendix B.  
A two-way analysis of variance (ANOVA) was conducted to determine whether 
element concentrations were significantly different between treatment groups or between 
plant sections (i.e., between the shoots and roots). Magnesium and potassium 
concentrations were included in this analysis as a part of monitoring plant health (in 
addition to noting plant growth and color.)  A significant difference in plant nutrients may 
indicate a difference in health status, which in turn may be a confounding factor in uptake 
results.  The p-values from the ANOVA results are shown in Table 3.3. 
Table 3.3. ANOVA p-value results for the Fe uptake experiment. The significant values (p<0.05) are bolded. 
Source Mg K Fe 
Experimental Group 0.185 0.534 <0.001 
Plant section <0.001 0.004 0.063 
Interaction 0.026 0.978 0.001 
 
Mg and K concentrations were not significantly different between experimental 
groups, indicating treatment did not have an influence on these nutrients. However, the Mg 
and K concentrations between plant sections were statistically significant and the 
differences in Mg plant section within the experimental groups were also significant. This 
is most likely due to higher root Mg concentrations compared to Mg shoot concentrations, 
whereas K had higher shoot concentrations than root concentrations. These differences 
resulted in a statistical significance for the plant section term. Fe concentrations were 
statistically different between experimental groups and there was an interaction between 
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experimental group and plant section. The differences between experimental groups were 
due to the plants that received FF treatment had much higher shoot concentrations 
compared to those that did not. Also, the No Fe group had lower shoot concentrations 
because there was not Fe available to translocate into the shoots of the plant. Interestingly, 
the control group had similar Fe shoot concentrations as the No Fe group. This similarity 
may be the result of unhealthy corn and may explain the significant differences in Mg and 
K concentrations mentioned above. The statistically significant interaction term indicates 
that the combined effect of the two factors (plant section and experimental group) on the 
response (here, Mg concentration and Fe concentration) is non-additive; the effect of one 
factor is different at different values of the other factor.  This provides insight into how 
experimental group and plant part influence one another. The groups that did not receive 
FF treatment had lower shoot Fe concentrations than the root Fe concentrations because 
there was less Fe available to translocate into the shoots of the plants. Alternatively, the 
groups that did receive FF had higher shoot Fe concentrations than root Fe concentrations, 
thus contributing to the statistical difference in Fe concentrations.  
Overall, the Fe uptake experiment provided preliminary insight into how the corn 
species, especially YS1, would grow at varying Fe conditions and was used as a basis for 
understanding how Pu uptake influences root and shoot growth.  
3.2.2. Plutonium Uptake  




 Table 3.4. Summary table of Pu uptake experiments. The Pu stock solution was measured on the LSC and used to 














(mg C / L) 
Pu Uptake 1 1 1.58 0.18 Citrate 104 [Pu] = 2.975 
Pu Uptake 2 10 15.5 1.72 Citrate 103 [Pu] = 2.975 
Pu Uptake 3 1 1.61 0.18 DFOB 104 [Pu] = 1.289 
Pu Uptake 4 10 15.9 1.76 DFOB 103 [Pu] = 1.289 
 
Throughout the results and discussion, the experiments will be referenced based on their 
target Pu concentrations and ligand. For example, Pu Uptake 1 will be referred to as 1 ppb 
Pu-Citrate.  
The median root and shoot length for the Pu uptake experiments are represented in 
Figures 3.10, 3.11, 3.12, and 3.13.  
  
Figure 3.10. Median root length (left) and median shoot length (right) for Pu uptake experiment of Truckers Favorite 














































Figure 3.11. Median root length (left) and median shoot length (right) for Pu uptake experiment of Truckers Favorite 
and YS1 grown in 1 ppb Pu-DFOB HP Solution. All three groups received foliar fertilization. 
 
   
Figure 3.12. Median root length (left) and median shoot length (right) for Pu uptake experiment of Trucker's Favorite 






















































































   
Figure 3.13. Median root length (left) and median shoot length (right) for Pu uptake experiment of Trucker's Favorite 
and YS1 grown in 10 ppb Pu-DFOB HP solution. All three groups received foliar fertilization.  
 
 All four Pu Uptake experiments had much lower median root and shoot 
concentrations compared to those in the Fe Uptake experiment previously conducted. As 
mentioned above, a sign of Fe deficiency in plants is stunted root growth. There were no 
plants that received Fe via HP solution, which contributed to Fe root deficiency and stunted 
root growth. The TF roots in the 1 ppb Pu-citrate decreased around day six due to unhealthy 
roots breaking off, while the control and the YS1 group had an increasing root length trend 
throughout the entire length of the experiment. The roots for all three experimental groups 
in the 1 ppb Pu-DFOB experiment decreased around day six as well; however, the TF and 
YS1 group exposed to Pu had a similar growth pattern to the control that did not receive 
any Pu in HP solution.  
 The TF and YS1 roots exposed to Pu in the 10 ppb Pu-citrate experiment grew 
much less compared to the control group that did not receive any Pu in HP solution. In the 












































inhibited root growth; however, the median root length still reached 15 cm by the end of 
the citrate experiment. Therefore, the presence of Pu and citrate together further inhibited 
root growth in the Pu-citrate experiments. The 10 ppb Pu-citrate roots also grew less than 
any other experiment, suggesting the stunted root growth is not just a side effect of Fe 
deficiency. Comparatively, the TF and YS1 roots exposed to Pu in the 10 ppb Pu-DFOB 
experiment grew at similar length and trend compared to the control group, indicating Pu-
DFOB does not influence root length.  
The shoot length for the TF and YS1 that received Pu in HP solution in the two 10 
ppb Pu experiments (citrate and DFOB) had a similar length and growth trend as the 
controls in their respective experiments. It should be noted that the 10 ppb Pu-citrate 
experiment was repeated and produced similar growth results, which can be found in 
Appendix B. For the 1 ppb Pu-citrate experiment, the YS1 and the control group had similar 
shoot lengths, while the TF had a much less shoot growth. In the 1 ppb Pu-DFOB 
experiment, however, the YS1 grew much more than the other two experimental groups, 
with the control group experiencing the least amount of shoot growth.   
The leaf color of the plant with the greatest growth (i.e. longest shoot) in each 
experimental group for all four experiments is represented in Table 3.5. The shoot color 
was only recorded if there was a leaf that had grown by the last day of the experiment. If 





 Table 3.5. Summary table of the leaf colors in the Pu uptake experiments.  
Experiment Experimental Group Leaf Color 
1 ppb Pu-Citrate 
TF – No Pu (FF) 5GY 5/8 
TF – Pu (FF) 5 GY 5/6 
YS1 – Pu (FF) 5GY 5/6 
10 ppb Pu-citrate 
TF – No Pu (FF) 5GY 5/8 
TF – Pu (FF) -- 
YS1 – Pu (FF) 5GY 4/8 
1 ppb Pu-DFOB 
TF – No Pu (FF) 5GY 5/8 
TF – Pu (FF) 5GY 5/6 
YS1 – Pu (FF) 5GY 5/6 
10 ppb Pu-DFOB 
TF – No Pu (FF) 5GY 5/6 
TF – Pu (FF) 5GY 5/6 
YS1 – Pu (FF) 5GY 5/6 
 
Leaf colors were similar to those in the Fe Uptake experiment, indicating although 
the plants may be experiencing Fe deficient root symptoms, the shoots were receiving 
sufficient Fe concentrations to prevent interveinal chlorosis.  
The Pu concentrations of each Pu uptake experiment is represented in Figures 3.14, 
3.15, 3.16, and 3.17. Note the Pu concentrations are displayed on a log scale and 
measurements of 0 mg g-1 are not included. Linear plots may be found in Appendix B.  
 
Figure 3.14. Pu concentrations in each experimental group for Pu uptake experiment of Trucker's Favorite and YS1 




Figure 3.15. Pu concentrations in each experimental group for Pu uptake experiment of Trucker's Favorite and YS1 
grown in 1 ppb Pu-DFOB HP solution.  
 
Figure 3.16. Pu concentrations in each experimental group for Pu uptake experiment of Trucker's Favorite and YS1 




Figure 3.17. Pu concentrations in each experimental group for Pu uptake experiment of Trucker's Favorite and YS1 
grown in 10 ppb Pu-DFOB HP solution.  
 
The median root and shoot Pu concentrations for each experimental group that received 












Table 3.6. Summary table of the leaf colors in the Pu uptake experiments.  
















TF Root 0.150 0.025 0.028 Shoot -- -- 
YS1 Root 0.300 0.000 0.009 Shoot 0.000 0.001 
1 ppb Pu-
DFOB 
TF Root 1.029 0.015 0.010 Shoot 0.001 0.001 
YS1 Root 1.070 0.002 0.002 Shoot 0.000 0.000 
10 ppb Pu-
Citrate 
TF Root 5.546 5.101 3.075 Shoot 0.003 0.001 
YS1 Root 0.891 2.976 1.962 Shoot 0.003 0.005 
10 ppb Pu-
DFOB 
TF Root 1.852 0.813 0.959 Shoot 0.002 0.001 
YS1 Root 1.784 0.312 0.067 Shoot 0.000 0.000 
 
 Lastly, an ANOVA statistical analysis was conducted to determine whether there 
were significant differences in Pu concentration between each experiment in terms of 
ligand, concentration Pu added to HP solution, plant section, and experimental group. It 
should be noted that the limit of detection (LoD) for all Pu samples was calculated which 
can be found in Appendix B. If a plant Pu concentration was below the limit of detection 
(LoD) then the value was taken to be zero when performing the ANOVA statistical analysis 
(Gilbert, 1987). Details of the LoD calculations can be found in Appendix B.. ANOVA 
results are shown in Table 3.7. 
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Table 3.7. ANOVA statistical analysis results for all Pu uptake experiments. Values with a p-value >0.05 are 
statistically significant and bolded. 
Source Pu Mg K 
Ligand 0.087 0.587 0.200 
Concentration 
Pu Added 0.009 
0.603 0.168 
Plant Section 0.004 0.124 0.189 
Experimental Group 0.027 0.643 0.519 
 
Note the statistical analysis was conducted based on non-transformed data and linear plots 
of the data can be found in Appendix B. There were statistical differences between 
experimental group, plant section (roots and shoots), and amount of Pu added to HP 
solution but not for ligand (citrate and DFOB) when comparing all four Pu uptake 
experiments together. This suggests experimental group, plant section, and amount Pu 
added to HP solution had an influence on Pu concentrations, but there were no statistically 
significant differences between citrate and DFOB Pu concentrations. The non-significant 
differences between citrate and DFOB is most likely attributed to the similarities of Pu root 
concentrations despite different ligands, which could either be from Pu uptake or Pu root 
sorption. Also, the Pu shoot concentrations are low enough (i.e. 0.0002 mg g-1) that 
differences between Pu shoot concentration and a “zero” value are not statistically 
significant. There were no significant differences in Mg and K concentrations for 
experimental group, plant section, ligand, and Pu concentration added when comparing all 
four uptake experiments, providing a general indication that plant health remained 
consistent for all four experiments.  
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 Based on Figure 3.14, 3.15, 3.16, and 3.17 of Pu concentrations versus experimental 
group, the 1 ppb Pu-DFOB resulted in Pu translocation into the shoots of the TF plants 
while the 1 ppb Pu-citrate resulted in Pu translocation into the shoots of the YS1 plants. 
The 10 ppb Pu-citrate had higher median root concentrations than the 10 ppb Pu-DFOB 
experiment, as well as higher median shoot concentrations. Similar to the 1 ppb Pu-citrate 
experiment, there was higher translocation into the YS1 shoots in the 10 ppb Pu-citrate 
experiment than in the 10 ppb Pu-DFOB experiment.  
 The 1 ppb Pu-citrate experiment had a median Pu concentration of 0.025 mg g-1 in 
the roots of the TF plant group, while the YS1 plant group had a median Pu root 
concentration of 0.000 mg g-1. The uptake of Pu into the roots of the TF resulted in a 
declining median root length compared to the 0.000 mg g-1 median Pu concentration in the 
YS1 plants in which the median root length was almost identical to the control group by 
the end of the experimental run. Also, the median Pu concentrations remaining in HP 
solution after the last day were higher in the TF group (0.300 ppb) compared to the YS1 
group (0.150 ppb) suggesting higher Pu uptake in the TF group and potentially contributing 
to TF root length decline.  
In the 1 ppb Pu-DFOB experiment, the median root Pu concentration in the TF and 
YS1 groups were 0.015 mg g-1 and 0.002 mg g-1, respectively.  However, unlike in the 1 
ppb Pu-citrate experiment, both the YS1 and TF mimicked the control group root length, 
indicating the Pu root concentrations may be mostly attributed to Pu sorption onto the roots 
as opposed to Pu root uptake. The shoot concentrations for TF and YS1 were 0.0001 and 
0.0000 mg g-1, respectively. Two shoots from the TF contained measurable Pu 
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concentrations. The median YS1 Pu concentration was identical to that of the 1 ppb Pu-
citrate experiment; however, the lack of TF shoots in the 1 ppb Pu-citrate experiment makes 
it difficult to compare median TF Pu concentrations. Also, the median Pu concentration 
remaining in HP solution was almost the same for both the TF and YS1 groups exposed to 
Pu, confirming Pu root sorption rather than Pu root uptake.  The amount of Pu remaining 
in HP solution is also almost a magnitude higher in the 1 ppb Pu-DFOB experiment than 
in the 1 ppb Pu-citrate experiment. The less Pu remaining in HP solution in the 1 ppb Pu-
citrate experiment may be due to Pu uptake into the roots and translocation into the shoots 
rather than sorption onto the root surface, suggesting citrate is more efficient at removing 
Pu from HP solution than DFOB. 
The median root length for the TF and YS1 groups exposed to Pu in HP solution in 
the 10 ppb Pu-citrate experiment remained relatively constant throughout the experiment 
and had the lowest median root length out of all four Pu uptake experiments. Interestingly, 
the median root Pu concentrations for both TF and YS1 was the highest of out of all four 
experiments; therefore, it could be concluded that Pu-citrate in HP solution stunted the root 
growth of both corn species. The remaining Pu in HP solution for the TF and YS1 groups 
were 5.546 and 0.891 ppb and had the highest remaining Pu concentration in the TF group 
out of all four experiments. The Pu root and shoot concentrations are in terms of plant 
mass, thus the plants were very small but managed to uptake the highest amount of Pu out 
of any other experiment, especially for the TF group, leaving almost half the Pu in the HP 
solution. Additionally, the median shoot length of TF and YS1 mimicked that of the control 
and also had the same median Pu concentration, indicating Pu translocation into the shoots 
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did not result in stunted root growth, most likely because the plants were also receiving FF 
treatment.  
Lastly, the median Pu root concentrations in the 10 ppb Pu-DFOB experiment for 
the TF and YS1 plants exposed to Pu were 0.813 and 0.312 mg g-1, respectively. Similar 
to the 1 ppb Pu-DFOB experiment, both experimental groups exposed to Pu grew similarly 
compared to the control; therefore, the Pu concentrations are attributed to Pu-DFOB 
sorption onto the roots of the plant as opposed to Pu root uptake. The median amount of 
Pu remaining in solution was also the same for both the TF and YS1 groups, similar to that 
of the 1 ppb Pu-DFOB experiment. Additionally, the Pu translocation into the shoots of 
both corn species was higher in the 10 ppb Pu-citrate experiment than in the 10 ppb Pu-
DFOB experiment, with the median Pu concentrations in the 10 ppb Pu-DFOB experiment 
being 0.0002 and 0.0000 mg g-1 for the TF and YS1 groups, respectively.  
Figures 3.18 and 3.19 compare the Pu concentrations in each experiment in terms 
of experimental group.  
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Figure 3.18. Pu concentrations from each TF group in each Pu uptake experiment.  
 
 
Figure 3.19. Pu concentrations from each TF group in each Pu uptake experiment.  
Pu Uptake Experiment 
Pu Uptake Experiment 
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 Overall, the TF corn species had similar shoot concentrations in the 1 ppb Pu-
DFOB, 10 ppb Pu-Citrate, and 10 ppb Pu-DFOB experiments, while the YS1 had similar 
shoot concentrations in the 1 ppb Pu-citrate, 10 ppb Pu-citrate, and 10 ppb Pu-DFOB 
experiments. The root concentrations mimic the amount of Pu that was added to the HP 
solution, where the 10 ppb Pu experiments had the highest Pu concentrations compared to 
the 1 ppb Pu experiments. There was also a much larger difference between root and shoot 
concentrations for the higher Pu experiments. The statistical analysis (Appendix B) 
associated with Figures 3.18 and 3.19 demonstrated there were no significant differences 
in the YS1 group in terms of Pu concentration added, ligand, or plant section. The TF 
group, however, had a significant difference in Pu concentrations between plant sections. 
When analyzing the roots and the shoots separately, the root and shoot concentrations were 
most influenced by the amount of Pu added to the HP solution. This could be a result of 
keeping the citrate ligand concentrations the same despite the increase in Pu HP 
concentration. The Pu-citrate experiments had higher Pu concentrations in the shoots that 
the Pu-DFOB experiments, especially in the YS1 groups. This difference could be due to 
citrate being a phytosiderophore and DFOB being a bacterial siderophore (Carrasco et al., 
2007), thus facilitating higher Pu uptake in plants. There could also be through various 
uptake pathways for Pu due to the presence of Pu in YS1 shoots and Pu-citrate may 
facilitate uptake and translocation more efficiently than DFOB.  
 A visual representation of the YS1 Pu uptake in the 10 ppb Pu-citrate and 10 ppb 
Pu-DFOB experiments via autoradiography is shown in Figure 3.20.  
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Figure 3.20. Autoradiography images of the YS1 corn plant in the Pu uptake experiment 5 (left) to the Pu uptake 
experiment 6 (right).  
 
 The presence of Pu in the shoots of the 10 ppb Pu-citrate experiment can be seen 
compared to the lack of Pu in the shoots of the 10 ppb Pu-DFOB experiments. These 
autoradiography results are consistent with the Pu concentration figures as well as the 
higher median Pu shoot concentration (mg g-1) in YS1 for the 10 ppb Pu-citrate experiment 
than the 10 ppb Pu-DFOB experiment. Additional autoradiography images from the Pu 
uptake experiments can be found in Appendix A.  
 In conclusion, the Pu-citrate complex resulted in higher translocation into the 
shoots of the plant, especially at higher Pu concentrations, despite keeping the ligand 
concentration the same. Also, the presence of Pu in the shoots of YS1 plants suggests there 
may be multiple pathways for Pu to enter the plant and not just through the Fe uptake 
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pathway. Pu concentrations in the roots and the shoots of the YS1 plants was less than 
those in the TF plants for all four experiments. Therefore, although it appears there are 
multiple Pu uptake pathways, it is much more difficult for the plant to take up Pu in the 
absence of the Fe uptake pathway, suggesting Pu and Fe do share an uptake pathway. 
3.2.3. Plutonium versus Iron Uptake Competition 
 Three experiments were conducted in which corn was grown in HP solutions with 
varying ratios of Pu and Fe. Throughout the results and discussion the experiments will be 
referred to as either competition experiment 1, 2, or 3. A summary table of the three 
experiments is represented in Table 3.8.  











(mg C L-1) 
Competition 
Experiment 1 1 10 Citrate 10
4 [Pu] = 2.975 
Competition 
Experiment 2 10 1 Citrate 10
3 [Pu] = 2.975 
Competition 
Experiment 3 10 10 Citrate 10
3 [Pu] = 2.975 
 
 The median root and shoot lengths from each experiment are represented in Figures 
3.21, 3.22, and 3.23. TF corn strain was grown for the Pu/FF, Pu, and No Pu in Soln groups, 
and the Pu/FF and YS1 groups were the only two to received FF treatment. 
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Figure 3.21. Median root length (left) and median shoot length (right) for the 1 ppb Pu versus 10 ppb Fe 
competition experiment. 
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Figure 3.23. Median root length (left) and median shoot length (right) for the 10 ppb Pu versus 10 ppb Fe competition 
experiment. All groups contained the TF corn strain, expect for the YS1 group, which is represented with green circles.  
  
 Overall, the roots in all three experiments remained consistent except for in 
competition experiment 1 where the root concentration for the control group and YS1 
began increasing on Day 7. The YS1 group had the highest root length in competition 
experiment 1 than the root length in any other experiment for TF or YS1. The YS1 group 
also had the highest shoot length in all three experiments. In competition experiment 1, 
YS1 and the Pu/FF group had a higher median shoot lengths compared to the control group. 
In competition experiment 2, the YS1 and Pu group had higher median shoot lengths than 
the control group, and in competition experiment 3 all three TF groups had similar shoot 
lengths and the YS1 group grew much higher than any of the TF groups. 
The Fe and Pu concentrations per experimental group are represented by Figures 
3.24, 3.25, and 3.26. Each figure is followed by the respective ANOVA statistical analysis 
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Figure 3.24. Fe (left) and Pu (right) concentrations (mg g-1) for the first competition 
experiment (1 ppb Pu versus 10 ppb Fe). Unless specified as YS1, all groups grew the 
TF corn strain. 
 
Table 3.9. Fe and Pu concentration ANOVA stastitical analysis results for competition experiment 1 (1 ppb Pu vs 10 
ppb Fe).  
Source Fe Pu 
Experimental Group 0.238 0.224 
Plant section 0.194 0.014 
Interaction 0.283 0.229 
 
          
Figure 3.25. Fe concentrations (left) and Pu concentrations (right) (mg g-1) in 
each experimental group for the second competition experiment with 10 ppb Pu 





Table 3.10. Fe and Pu ANOVA statistical analysis results for competition experiment 2 (10 ppb Pu versus 1 ppb Fe).   
Source Fe Pu 
Experimental Group 0.574 0.495 
Plant section 0.471 0.036 
Interaction 0.585 0.575 
 
        
Figure 3.26. Fe concentrations (left) and Pu concentrations (right) (mg g-1) for the third competition experiment 
containing a high Pu/high Fe ratio (10 ppb Pu versus 10 ppb Fe). 
 
 
Table 3.11. ANOVA statistical analysis results for Fe and Pu concentrations in the third competition experiment (10 
ppb Pu versus 10 ppb Fe).  
Source Fe Pu 
Experimental Group 0.417 0.187 
Plant section 0.092 0.075 
Interaction 0.355 0.188 
 
 
Median root and shoot Pu concentrations from each experiment are presented in 









Table 3.12. Median Pu and Fe concentrations from all three competition experiments.  
















Root 0.0019 0.0039 29.645 6.0579 
Shoot 0.0000 0.0000 6.2052 6.7144 
Pu/Fe(FF) 
Root 0.0050 0.0011 11.911 12.813 
Shoot 0.0000 0.0000 3.1252 0.3999 
YS1 Root 0.0003 0.0001 
1.6597 0.4747 




Root 0.0335 0.0509 48.218 250.33 
Shoot 0.0074 0.0069 13.535 8.6327 
Pu/Fe(FF) Root 
0.0864 0.0370 16.811 2.6409 
Shoot 0.0028 0.0000 7.5737 0.0000 




Root 0.0461 0.0209 6.6512 26.279 
Shoot 0.0000 0.0003 0.9940 0.4620 
Pu/Fe(FF) 
Root 0.1460 0.1987 17.356 10.496 
Shoot 0.0000 0.0000 2.7300 1.2025 
YS1 Root 0.0249 0.0267 
3.2185 2.0610 
Shoot 0.0000 0.0000 1.1332 2.3936 
 
 
 Note the higher standard deviations are the result of high fluctuation between the 
three samples. In competition experiment 1, the only Pu that was detected in the shoots 
was in the TF group that received FF treatment and the median Pu shoot concentration for 
all three experimental groups that received Pu in HP solution was 0.000 mg g-1. The TF 
group that received FF also had the highest median Pu root concentration in competition 
experiment 1 and YS1 had the lowest median Pu root concentration. Also, the Fe 
concentrations for all three TF groups remained relatively consistent despite natural 
variability of biological samples, and the YS1 group had a lower median Fe root and shoot 
compared to the TF groups due to the inability of YS1 to uptake Fe into the roots and 
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translocate into the shoots. This was a trend that can be recognized in all three competition 
experiments. Based on the ANOVA results, there was not a significant difference in Pu 
concentration between experimental groups, indicating root uptake between TF and YS1 
was statistically similar. However, there was a significant difference in Pu concentrations 
between plant sections, which is attributed to only one shoot containing a measurable 
amount of Pu. There were not significant differences in Fe concentrations between 
experimental groups and plant section, and there was no interaction between experimental 
group and plant section.   
With the increase in Pu concentration and decrease in Fe concentration in 
competition experiment 2, Pu translocation from the roots into the shoots of the plant 
occurred in all three experimental groups exposed to Pu. The highest median Pu root and 
shoot concentration was in the Pu/Fe and Pu/Fe(FF) group, respectively. However, Fe root 
concentrations remained relatively similar despite decreasing the Fe concentrations, 
suggesting the plant only takes up the Fe concentrations needed to prevent Fe deficiency. 
There was also no statistically significant differences in Fe concentrations between 
experimental groups or plant section, and there was no interaction between the two. There 
were also no significant differences in Pu concentration between experimental groups, and 
there was not a statistically significant interaction between the two. However, there was a 
significant difference between plant sections due to the YS1 group having a lower median 
concentration than the TF groups. This confirms that YS1 can take up Pu, but it is much 
less efficient and not as readily taken up due to the lack of a Fe uptake pathway.  
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 Lastly, the highest median root uptake in competition experiment 3 was in the TF 
group that received FF treatment but the median shoot concentration for all three groups 
exposed to Pu was 0.000 mg g-1. There were also no significant differences between 
experimental groups, plant section, or for the interaction term for both Pu and Fe 
concentrations. When comparing the Pu concentrations from competition experiment 3 to 
those in competition experiment 2, there was much less translocation into the shoots of the 
plant. These results suggest that the presence of Fe in HP solution reduced the Pu 
translocation into the shoots of the plant for all three experimental groups. Additionally, 
the mass balance calculations can be found in Appendix B. All values indicated there was 
some Pu unaccounted for. This could have been a result of Pu sticking to the air stones and 
the bottom of the craft foam circles, similar to the Pu uptake experiments. There were also 
several assumptions associated with calculating the mass balance, all of which are 
explained in Appendix B. Transport indices and concentration ratios varied for each plant 
and can be found in Appendix B as well.  
Pu/Fe ratios were calculated to determine how the Pu concentrations differentiated 
from the Fe concentrations. An example of the Pu/Fe ratios is represented in Table 3.13 






Table 3.13. [Pu]/[Fe] ratios comparing concentrations from the competition experiment 1 (low Pu/high Fe). Please not 
sample ID’s 7-9 did not receive Pu in solution and the ratios were not included. 
Experimental Group Sample ID Plant Part [Pu]/[Fe] ratio 
Pu/Fe (FF) 
1 Root 4.36 x 10
-5 
Shoot 1.42 x 10-5 
2 Root 5.14 x 10
-5 
Shoot 0 




4 Root 2.49 x 10
-4 
Shoot 0 
5 Root 2.91 x 10
-4 
Shoot 0 
6 Root 0 Shoot 0 
YS1 
10 Root 1.40 x 10
-4 
Shoot 0 
11 Root 5.39 x 10
-4 
Shoot 0 




Overall, the [Pu]/[Fe] ratios confirm the observations that Pu is found in the roots 
more abundantly in the shoots, although in much lower concentrations that the Fe 
concentrations. The Pu/Fe root ratios in the YS1 group were overall an order of magnitude 
higher than in the TF group, due to Fe concentrations being lower because the YS1 corn 
strain cannot uptake Fe. The [Pu]/[Fe] ratios for competition experiments 2 and 3 provide 
further confirmation of the observations based on the Figures and Tables above and can be 
found in Appendix B. 
A comparison of Fe and Pu concentrations separated by experimental group versus 
competition experiment provides a clearer picture of how the Pu/Fe concentrations 
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influences Pu/Fe uptake and is represented by Figures 3.27, 3.28, and 3.29. The ANOVA 
analysis for each respective figure can be found in Tables 3.14, 3.15, and 3.16.   
             
Figure 3.27. Fe concentrations (mg g-1) (left) and Pu concentrations (mg g-1) (right) from the TF (Pu/Fe) group in all 
three competition experiments   
 
Table 3.14. ANOVA analysis results comparing the Fe and Pu concentrations in the Pu/Fe group from all three 
competition experiments.  
Source Fe Pu 
Competition Experiment                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    0.471 0.247
Plant section 0.271 0.047 
Interaction 0.517 0.385 
 
  
             
 




Table 3.15. ANOVA results for Fe and Pu concentrations in TF(Pu/FF) group from all three competition experiments.  
Source Fe Pu 
Competition Experiment 0.987 0.259 
Plant section 0.066 0.166 
Interaction 0.626 0.257 
 
 
              
 
Figure 3.29. Fe concentrations (left) and Pu concentrations (right) (mg g-1) comparing the YS1 group from all three 
competition experiments.  
 
Table 3.16. ANOVA results comparing Pu and Fe concentrations in the YS1 group from all three competition 
experiments.   
Source Fe Pu 
Competition Experiment 0.663 0.048 
Plant section 0.820 0.004 
Interaction 0.933 0.049 
 
 When comparing the Pu concentrations in each experimental group versus the 
competition experiment, it can be seen that the competition experiment 2 (high Pu/low Fe) 
had the highest Pu translocation into the shoots out of all three experimental groups. In the 
Pu/Fe group, there were no significant differences between competition experiment Pu 
concentrations and there was no interaction between experiment and plant section. 
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However, there was a significant difference in plant section between the three experiments. 
This is due to competition experiment 2 being the only experiment that received detectable 
Pu concentrations in the shoots of the plant in the Pu/Fe group while the root concentrations 
remained relatively consistent between all three experiments. The Pu/Fe(FF) group did not 
have any significant differences between competition experiment and plant section and 
there was no interaction between plant section and experiment. Interestingly, the YS1 had 
the most fluctuation in Pu concentrations between the three competition experiments, 
which is reflected in Table 3.16. There were significance differences in concentration 
between experiments, plant section, and there was an interaction between the two. The YS1 
group appeared to have the largest Pu root concentration response to the increase in Pu 
concentration from the first to the second competition experiment and there were also 
detectable Pu concentrations in the shoots for the second and third competition experiment. 
These differences contributed to the significant p-value calculated in the ANOVA analysis. 
Lastly, there were significant differences in plant section within each experiment. The fact 
that there was a significant difference in plant section within each experiment for the YS1 
group but not for the TF groups provides further evidence that Pu uptake can occur in the 
absence of the Fe uptake pathway but it is much more difficult for the Pu to translocate 
into the shoots compared to a healthy strain of corn.  
There were no differences between competition experiment and plant section for 
the Fe concentrations and there was no interaction between competition experiment and 
plant section for all three experimental groups. The lack of impact varying Pu concentration 
had on Fe concentration between experiments suggests Pu does no influence Fe uptake and 
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the plant does not vary in Fe concentration despite being exposed to a lower Fe 
concentration in competition experiment 2. This could be the result of the plant only taking 
up the amount of Fe needed and Fe uptake/translocation does not fluctuate with varying Fe 
environmental conditions.  
Due to the consistency of the Fe concentrations in all three experimental groups 
throughout all three experiments suggests Pu presence does not influence Fe uptake. 
However, the increase in Fe concentration influences the translocation of Pu into the shoots 
of the plant as demonstrated in the third experiment. There were many more shoots 
containing detectable Pu in the shoots when the Fe concentration was low compared to 
when the Fe concentration increased in the third experiment and the number of shoots with 
translocated Pu decreased. It is possible that the increased uptake of Pu in the second 
experiment could be attributed to Fe deficiency and the plants taking up Pu in place of Fe 
to compensate for Fe deficiency, due to the similarities between Pu and Fe mentioned in 





CONCLUSIONS AND FUTURE WORK 
 
Through this study, two different corn species were used to compare the abilities of two 
different complexing agents to facilitate Pu movement in corn as well as to determine the 
uptake and translocation competition of Pu and Fe in corn. Overall, the Pu-citrate 
experiments had higher translocation and even resulted in higher Pu removal from the HP 
solution, especially when complexed with lower Pu concentrations. The DFOB 
complexation agent was useful in keeping Pu concentrations localized in the roots of the 
plants. The use of citrate would be beneficial when aiming to phytoextract contaminants 
from the soil, while the use of DFOB might be beneficial in implementing 
phytosequestration methods. Additionally, the amount of complexation agent influences 
the amount of complexation agent influences the amount of Pu solution/uptake, a factor 
that must be considered when developing remediation efforts. The Pu-citrate complexation 
would be the most efficient phytoremediation tool in removing Pu from contaminated soil 
due to the potential to remove contaminants from the soil and translocate to above ground. 
This method prevents the higher potential of recycling Pu into the environment as it would 
in the case of Pu-DFOB complexation. Also, the higher removal of Pu-citrate from the 
hydroponic solution than Pu-DFOB provides compelling evidence that the Pu-citrate 
complex has a higher Pu removal potential in soil as well, especially since citrate is 
naturally released by plants in the rhizosphere.  
 Pu uptake and translocation in corn species may not only be influenced by 
complexation agent, but also on Pu/Fe competition. Due to the decrease in shoots 
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containing Pu when the Fe concentration in HP solution increased, it was concluded that 
the presence of Fe in HP solution influenced the amount of Pu that was translocated in the 
shoots of the plant. An increase in Pu in HP did not influence Fe concentration, as there 
was no statistical differences for Fe concentrations between all three experiments in all 
three experimental groups. When investigating the Pu uptake in the YS1 corn plant, 
however, it was shown that even though there was transport of Pu into the shoots of the 
YS1 plant, the measured Pu uptake was lower than the uptake of Pu into the normal, TF 
corn strains. This implies Fe and Pu may share similar uptake pathways, but Pu may also 
be taken up through a different pathway and is not as readily translocated as it would be 
through the Fe uptake pathway. 
 Lastly, as mentioned in Chapter 1, Thompson et al. (2010) concluded Pu may 
localize in the roots of the plant rather than translocating in the shoots due to the inability 
of Pu to cross into the root rather than simply sorbing onto the outside. This observation 
coincides with the results discussed in this study due to statistically significant differences 
between plant section occurring in the Pu uptake experiments as well as in the competition 
experiments for nearly every experimental group. There were no significant differences 
between plant sections for the Fe concentrations, coinciding with Thompson et al’s (2010) 
observation that Pu concentrations tend to be localized in the roots of the plant.  
Although these results provide useful information on Pu uptake into corn species 
and into the competition between Pu and Fe, limited resources (man-power, YS1 
availability, etc.) influenced the sample size of each experiment while the biological 
variability increased inherent error due to roots dying and shoots not sprouting. A longer, 
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larger scale hydroponic experiment may provide additional insight into ligand 
complexation and Fe competition with Pu. Increasing the length of the experiment would 
help in understanding how the Pu contributes or inhibits corn growth as well as how the Pu 
translocates into the shoots (if it remain in the shoots, if it collects on the edges of the 
leaves, etc.). The knowledge gained from these hydroponic studies could then be applied 
to a more realistic environment with corn being grown in soil in a temperature/humidity 
controlled greenhouse. Additionally, it would be beneficial to investigate Pu uptake when 
Pu is complexed with different amounts of citrate and DFOB to determine the most 
efficient ligand concentration for Pu uptake. Also, conducting SEM imaging on the YS1 
and TF corn plants grown in HP solution would be beneficial in determining whether the 
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Figure A.1. Autoradiography image from Pu Uptake Experiment 2. TF grown in 1 ppb Pu-citrate HP solution is shown 
on the left while the YS1 corn plant grown in 1 ppb Pu-citrate HP solution is shown on the right. 
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Figure A.2. Autoradiography image from Pu Uptake Experiment 4. TF grown in 1 ppb Pu-DFOB HP solution is shown 








Figure A.3. Autoradiography image from Pu Uptake Experiment 4 YS1 corn plant grown in 10 ppb Pu-citrate HP 








    
Figure A.4. Autoradiography image from Pu Uptake Experiment 6. TF grown in 10 ppb Pu-DFOB HP solution is 








    
Figure A.5. Autoradiography image from Competition Experiment 1. TF grown in 1 ppb Pu and 10 ppb Fe HP solution 
and received FF treatment is shown on the left while the TF corn plant grown in 1 ppb Pu and 10 ppb Fe HP solution 
is shown on the right. 
 
    
Figure A.6. Autoradiography image from Competition Experiment 1. TF grown in 10 ppb Fe HP solution is shown on 




    
Figure A.7. Autoradiography image from Competition Experiment 2. TF grown in 10 ppb Pu and 1 ppb Fe HP solution 
and received FF treatment is shown on the left while the TF corn plant grown in 10 ppb Pu and 1 ppb Fe HP solution 
is shown on the right. 
    
Figure A.8. Autoradiography image from Competition Experiment 2. TF grown in 1 ppb Fe HP solution is shown on 
the left while the YS1 corn plant grown in 10 ppb Pu and 1 ppb Fe HP solution and received foliar fertilization is 
shown on the right. 
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Figure A.9. Autoradiography image from Competition Experiment 3. TF grown in 10 ppb Pu and 10 ppb Fe HP 
solution and received FF treatment is shown on the left while the TF corn plant grown in 10 ppb Pu and 10 ppb Fe HP 
solution is shown on the right. 
    
Figure A.10. Autoradiography image from Competition Experiment 3. TF grown in 10 ppb Fe HP solution is shown on 
the left while the YS1 corn plant grown in 10 ppb Pu and 10 ppb Fe HP solution and received foliar fertilization is 
shown on the right. 
 92 
APPENDIX B 
DATA AND CALCULATIONS 
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ICP-MS STANDARD CALCULATIONS 
 
Table B.1. Calculations to determine macronutrient and micronutrient concentrations in HP solution 
Compound 
Concentration 














of High Purity 
Standard (ppb) 
MgSO4 120 120.361 24.305 24232.10 2000000 
KCl 150 74.5482 39.098 78670.51 2000000 
KH2PO4 68.0 136.083 39.098 19537.18 2000000 
FeCl3 0.60 162.195 55.845 206.5847 2000000 
Na2MoO4*2H2O 0.02 296.900 95.950 7.756147 10000 
 
Table B.2. Amount of high purity standard added to create 50 mL of ICP-MS standard. Please note 100 mL of Standard 












10 1500 0.075 15.00 84.925  




8 500 16.70  33.333 
7 100 3.300  46.667 
6 50 1.700  48.333 
5 10 0.330  49.667 
4 5 0.170  49.833 
3 1 0.030  49.967 
2 0.5 0.017  49.983 
1 0.1 0.003  49.997 
 
 














8 10 16.70 40.346 
7 5 3.300 45.173 
6 1 1.700 49.035 
5 0.5 0.330 49.517 
4 0.1 0.170 49.903 




2 0.01 0.017 49.500 
1 0.005 0.003 49.750 
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FOLIAR FERITLIZATION AND GROWTH CONDITIONS: CONCENTRATION 
RATIOS AND TRANSPORT INDICES 
 
Table B.4.Calculations to determine concentration of macronutrient and micronutrient concentration in HP solution. 
These values were used in every concentration ratio and transport index calculation.   









of Element in 
Solution 
(mg/L) 
MgSO4 120 120.361 24.305 24.232 
KCl 150 74.5482 39.098 78.671 
KH2PO4 68 136.083 39.098 19.537 
FeCl3 0.6 162.195 55.845 0.2067 
Na2MoO4*2H2O 0.024 296.900 95.950 0.0077 
 
Table B.5.Concentration ratios and transport indices for the first experiment conducted to determine foliar fertilization 



















No FeCl3 / FF 
1 
Root     
Shoot     
2 
Root 0.0011 0.0027 0.6160 0.8059 
Shoot 0.0018 0.0112   
3 
Root 0.0014 0.0017 0.5421 0.8485 
Shoot 0.0017 0.0097   
No FeCl3 
4 
Root     
Shoot     
5 
Root 0.0012 0.0018 0.5292 0.8332 
Shoot 0.0013 0.0092   
6 
Root 0.0003 0.0008 0.6542 0.7774 
Shoot 0.0005 0.0026   
FeCl3 
7 
Root     
Shoot     
8 
Root 0.0015 0.0016 0.3980 0.8582 
Shoot 0.0010 0.0100   
9 
Root     






Table B.6.Concentration ratios and transport indices for the second experiment conducted to determine foliar 





















Root     
Shoot     
2 
Root 0.0011 0.0027 0.6160 0.8059 
Shoot 0.0018 0.0112   
3 
Root 0.0014 0.0017 0.5421 0.8485 
Shoot 0.0017 0.0097   
No FeCl3 
4 
Root     
Shoot     
5 
Root 0.0012 0.0018 0.5292 0.8332 
Shoot 0.0013 0.0092   
6 
Root 0.0003 0.0008 0.6542 0.7774 
Shoot 0.0005 0.0026   
No FeCl3 / FF 
7 
Root     
Shoot     
8 
Root 0.0015 0.0016 0.3980 0.8582 
Shoot 0.0010 0.0100   
9 Root     





















Table B.7.Concentration ratios and transport indices for the third experiment conducted to determine growth 
conditions.    













Root     
Shoot     
2 
Root 0.0011 0.0055 0.7085 0.7576 
Shoot 0.0027 0.0173   
3 
Root 0.0040 0.0079 0.4147 0.7167 
Shoot 0.0029 0.0199   
4 
Root 0.0005 0.0025   
Shoot     
No Fe 
5 
Root 0.0004 0.0010 0.5317 0.7172 
Shoot 0.0005 0.0024   
6 
Root 0.0001 0.0003   
Shoot     
7 
Root 0.0026 0.0052 0.5282 0.7861 
Shoot     
8 
Root 0.0021 0.0039 0.5486 0.7440 
Shoot 0.0026 0.0112   
No FeCl3 / FF 
9 
Root 0.0034 0.0088 0.5794 0.7451 
Shoot 0.0047 0.0256   
10 
Root 0.0028 0.0077 0.6399 0.7320 
Shoot 0.0049 0.0211   
11 
Root 0.0027 0.0076 0.6481 0.8053 
Shoot 0.0050 0.0315   
12 
Root 0.0037 0.0336 0.5107 0.2569 















Table B.8.Concentration ratios and transport indices for the fourth experiment conducted to determine growth 
conditions.    















Root 2.8598 9.1032 0.2216 0.2927 
Shoot 0.8142 3.7665   
2 
Root 7.0402 11.8932 0.5673 0.8521 
Shoot 9.2316 68.5384   
3 
Root 3.2531 16.9131 0.7801 0.7413 
Shoot 11.5425 48.4585   
4 
Root 9.7391 17.7379 0.1127 0.2618 
Shoot 1.2376 6.2918     
No Fe 
5 
Root 0.0285 0.0000   
Shoot     
6 
Root 0.5621 2.0721 0.6999 0.7090 
Shoot 1.3107 5.0475   
7 
Root 1.2591 5.3265 0.4996 0.5665 
Shoot 1.2570 6.9597   
8 
Root 18.9336 28.6536 0.4577 0.8017 
Shoot 15.9788 115.8769     
No FeCl3 / 
FF 
9 
Root 0.5749 1.9245 0.8846 0.9091 
Shoot 4.4074 19.2551   
10 
Root 0.1139 1.1791 0.7411 0.6139 
Shoot 0.3261 1.8746   
11 
Root 0.0638 0.2341   
Shoot     
12 
Root 1.1662 3.4967 0.6437 0.7668 











































































DETERMINATION OF Pu CONCENTRATIONS 
 
Ran a stable corn experiment on the ICPMS to determine the general concentration of nutrients in the roots 
and shoots of the plant. The detection of standards was incorrect so concentrations could not be determined, but 
the counts detected in the samples were used for the below calculations. 
For K 
(because 




         
ICP Counts= 165867370.00 counts of the 10 mL diluted samples     
ICP Volume= 10 mL        
MD counts= 5819907719.30 counts from the "raw" MD sample     
Microwave Digested (MD) 
Vol Added= 0.285 mL        
          
 
         
"ideal dilution" = C1 60000000 counts in volume of 10 mL (ideal dilution counts 
provided by Miller Wylie) 
volume of ICP = V2 10 mL        
MD counts = C2 5,819,907,719.30 counts from raw MD sample      
volume of MD sample = V2 0.103 volume to add of MD sample in order to meet ideal dilution   
          
 
Minimum detection limit of 
Pu-242 on ICP= 0.001 ppb (ug/L)      
 Dilution factor= 0.0103        
 
Minimum concentration of 
MD sample= 0.0970 ppb (ug/L) of MD sample     
  0.0010 
ug of Pu in 
plant      
          
 Transfer factor for Pu 0.0001 
Whicker radioecology book for Pu 
transfer factor were between 10-4 and 
10-2 
  
 Transfer factor for Pu 0.01   
 Amount Pu in Aq= 9.6998 ug/L  
Concentration of Pu in HP 
solution   
 Amount Pu in Aq= 0.0970 ug/L  
Concentration of Pu in HP 
solution   
          
 Because the largest value was ~10 ppb and the smallest was ~0.1 pbb, it was estimated to 
use 1 ppb for the concentration of Pu for the Pu uptake experiments. 
  









𝐶𝐶1𝑉𝑉1 = 𝐶𝐶2𝑉𝑉2 
𝐶𝐶1𝑉𝑉1 = 𝐶𝐶2𝑉𝑉2 
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Pu UPTAKE EXPERIMENTS: Pu CALCULATIONS 
 
1 ppb Pu-Citrate 
 
The following calculations are representative of the first Pu uptake experiment (1 ppb Pu-
citrate). Pu concentrations for all four Pu uptake experiments were calculated using the 
following methods. First, the concentration of the Pu stock solution was counted on the 
LSC for five minutes, resulting in a concentration of 37,565.04 ppb.  
0.0039 Ci 3.70E+10 counts 60 s  min 0.0126 mL 
= 26620.5 
mL 
 g 1 Ci*s  min 4098 counts   g 
             
3.7565E-05 g 1000 mL 1000000 ug 
= 37565.04 ppb  
   
 mL 1 L 1 g     
 
The amount of Pu from the Pu stock solution was calculated based on creating a 60 mL 
Pu-ligand solution that would be spiked into HP solution.  
 
Next, 1 mL of the Pu-ligand solution was then counted on the LSC to determine exact 




0.0039 Ci 3.70E+10 counts 60 s  min 1.0147 mL 
 g 1 Ci*s  min 1081.25 counts   
          
6250082.78 g 1000 mL 1000000 ug 
= 159.99 ppb  
 mL 1 L 1 g  
          
 
Using the Pu-ligand stock solution concentration, the activity and concentration of Pu 
spiked into HP solution was calculation.  
 
 
          
           
17.76 Bq * 5 mL = 
C2 Bq 
* 505 mL 
 mL    mL   
     = 0.18 
Bq    
     mL    
           
159.99 ppb * 5 mL = C2 ppb * 505 
         




10 ppb Pu-Citrate 
 
 The concentration of the Pu stock solution that was calculated for the 1 ppb Pu-
citrate experiment was used for the following calculations. 
C1V1=C2V2 
(1000 ppb)(60 mL)=(37,565 ppb)(x mL) 
60000 = 37565 (x mL) 
 x (mL) = 1.597231   
 x (uL) = 1597.231   
 
 
𝐶𝐶1(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉1(𝑚𝑚𝑚𝑚) =   𝐶𝐶2(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉2(𝑚𝑚𝑚𝑚)  
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0.003 Ci 3.70E+10 Bq 1 cps 60 sec   min 1.0248 mL 
 g 1.00E+00 Ci 1 Bq  min 10712 counts in LSC vial * 





1.56949E-06 g 1000 mL 1000000 ug 
  g   mL 1 L 1 g 
           
 
= 1569.485 
ug        
 L        
 
The following calculations are to determine the activity and concentration of Pu-Citrate 
solution spiked into 500 mL of HP solution.  
 
174.213 Bq * 5 mL = 
C2 Bq 
* 505 mL 
 mL    mL   
     = 1.72 
Bq    
     mL    
           
1569.485 ppb * 5 mL = C2 ppb * 505 mL 
           








1 ppb Pu-DFOB 
 
 The concentration of the Pu stock solution and the amount of Pu stock solution to 




𝐶𝐶1(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉1(𝑚𝑚𝑚𝑚) =   𝐶𝐶2(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉2(𝑚𝑚𝑚𝑚)  
 103 
0.003 Ci 3.70E+10 Bq 1 cps 60 sec   min 1.0148 mL 
 g 1.00E+00 Ci 1 Bq  min 1097 counts in LSC vial  





1.623E-07 g 1000 mL 1000000 ug 
  g   mL 1 L 1 g 




     
 
= 
162.312 ug        
  L        
 
The following calculations are to determine the activity and concentration of Pu-DFOB 






       




* 505 mL 
 mL     mL   
      = 0.1795 
Bq    
      mL    
162.312 ppb * 5  mL = C2 ppb * 505 mL 
            
      = 1.6071 ppb    









10 ppb Pu-DFOB 
 
 The concentration of the Pu stock solution that was calculated for the 1 ppb Pu-
citrate experiment was used for the following calculations. The amount of Pu stock 
solution to use for the 10 ppb Pu-DFOB complex was the same as the 10 ppb Pu-Citrate 
complex.  
𝐶𝐶1(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉1(𝑚𝑚𝑚𝑚) =  𝐶𝐶2(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉2(𝑚𝑚𝑚𝑚)  
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0.003 Ci 3.70E+10 Bq 1 cps 60 sec   min 1.0193 mL 
 g 1.00E+00 Ci 1 Bq  min 10879 counts in LSC vial * 





1.60255E-06 g 1000 mL 1000000 ug 
  g   mL 1 L 1 g 
           
 
= 
1602.554 ug        
  L        
 
The following calculations are to determine the activity and concentration of Pu-DFOB 
solution spiked into 500 mL of HP solution.  
177.883 Bq * 5 mL = 
C2 Bq 
* 505 mL  
 mL    mL    
     = 1.76 
Bq     
     mL     
            
1602.554 ppb * 5 mL = C2 ppb * 505 mL  
            




Pu UPTAKE EXPERIMENTS: CONCENTRATION RATIOS, TRANSPORT 
INDICES, AND Pu REMAINING IN HP SOLUTION 
Pu Uptake Experiment 1: 1 ppb Pu-citrate 
 
Table B.9.Concentration ratios, transport indices, and Pu concentration remaining in HP solution after an 8 day 
experimental run for the first Pu uptake experiment (1 ppb Pu-citrate).  
   Concentration Ratios Transport Indices Pu Remaining in 





Section Mg  K  Pu   Mg K Pu 
No Pu / 
FF 
1 







Shoot 0.00269 0.01091 0.02089  
2 







Shoot 0.00050 0.00200 0.00633  
3 







Shoot 0.00196 0.01015 0.00190  
4 
Root         
Shoot            
Pu / FF 
5 







Shoot 0.00092 0.00326 0.00127  
6 







Shoot 0.00076 0.00267 0.00063  
7 







Shoot 0.00007 0.00040 0.00063  
8 
Root         











Shoot 0.00120 0.00563 0.00000  
10 







Shoot 0.00177 0.00567 0.00000  
11 





Shoot 0.00091 0.00207 0.01076   
12 
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Table B.10.Concentration ratios, transport indices, and concentration of Pu remaining in HP solution after the 
experiment for the second Pu uptake experiment (10 ppb Pu-citrate).  














Root 0.00044 0.00150 0.00000 
0.5882 0.7773 0.0000 
 
0.000 
 Shoot 0.00063 0.00522 0.00000 
2 
Root 0.00072 0.00209 0.00000 
0.4115 0.5606 0.0000 0.150 
Shoot 0.00050 0.00267 0.00000 
3 
Root 0.00060 0.00119 0.00000 
0.2530 0.5530 0.0000 0.000 
Shoot 0.00020 0.00147 0.00000 
4 
Root 0.00063 0.00317 0.00000 
0.5715 0.3898 0.0000 0.000 
Shoot 0.00084 0.00203 0.00000 
Pu / FF 
5 
Root 0.00000 0.00046 0.19419    
5.763 
Shoot       
6 
Root       
7.099 
Shoot 0.00034 0.00234 0.00187    
7 
Root 0.00000 0.00032 0.17387    
1.707 
Shoot       
8 
Root 0.00000 0.00000 0.07497 
1.0000 1.0000 0.0051 5.328 




Root 0.00000 0.00022 0.05561 
1.0000 0.8611 0.0023 1.112 
Shoot 0.00040 0.00136 0.00013 
10 
Root 0.00000 0.00041 0.14394 
1.0000 0.8164 0.0058 5.116 
Shoot 0.000576508 0.001803321 0.00083871 
11 
Root       
0.554 
Shoot 0.00057 0.00198 0.00529    
12 
Root 0.00000 0.00035 0.10639 
0.0000 0.4888 0.0036 0.670 









Table B.11.Concentration ratios, transport indices, and Pu concentration remaining in HP after the experiment for the 
third Pu uptake experiment (1 ppb Pu-DFOB).  
 









Section Mg  K  Pu  Mg K Pu 
No Pu / FF 
1 






0.000 Shoot 0.00034 0.00203 0.01139  
2 
Root 0.00145 0.00399 0.150  0.5425 0.6673 -- 0.000 
Shoot 0.00172 0.00799 0.00000        
3 
Root 0.00000 0.00030 0.000  1.0000 0.7800 -- 0.000 
Shoot 0.00018 0.00105 0.00000        
4 
Root 0.00043 0.00208 0.000  0.4459 0.4717 0.0000 0.000 
Shoot 0.00035 0.00186 0.00000        
Pu / FF 
5 
Root 0.00049 0.00120 5.763  0.5340 0.6904 0.0000 1.043 
Shoot 0.00056 0.00267 0.00000        
6 
Root 0.00000 0.00022 7.099  1.0000 0.9156 0.0000 1.212 
Shoot 0.00105 0.00244 0.00000        
7 
Root 0.00102 0.00358 1.707  0.6469 0.7277 0.8049 1.105 
Shoot 0.00187 0.00958 0.02089        
8 
Root 0.00000 0.00076 5.328  1.0000 0.8691 0.6667 0.570 
Shoot 0.00131 0.00505 0.00380        
YS1 Pu / 
FF 
9 
Root 0.00045 0.00108 1.112  0.7931 0.8453 0.0000 1.145 
Shoot 0.00172 0.00588 0.00000        
10 
Root 0.00024 0.00054 5.116  0.0000 0.0000 0.0000 1.225 
Shoot        
11 
Root 0.00048 0.00127 0.554  0.7133 0.7684 0.6667 0.996 
Shoot 0.00120 0.00423 0.00759        
12 
Root 0.00136 0.00406 0.670  0.2088 0.1699 -- 0.211 








Table B.12.Concentration ratios, transport indices, and Pu remaining in HP (ppb) after the completion of the 
experiment for the fourth Pu uptake experiment (10 ppb Pu-DFOB).  










Section Mg  K  Pu   Mg K Pu 
No Pu / FF 
1 
Root 0.0116 0.0002 0.150        0 
Shoot        
2 
Root 0.0015 0.0039 0.000  0.6873 0.7284 0.0000 0 
Shoot 0.0033 0.0104 0.0000  
3 
Root 0.0008 0.0016 0.000  0.6008 0.7328 0.0000 0 
Shoot 0.0013 0.0043 0.0000  
4 





 0 Shoot 0.0014 0.0063 0.0000  
Pu / FF 
5 
Root 0.0010 0.0020 7.099  0.6789 0.7151 0.0055 4.687 
Shoot 0.0021 0.0051 0.000003  
6 
Root 0.0003 0.0000 1.707     1.775 
Shoot        
7 
Root 0.0003 -0.0001 5.328  0.9013 1.0216 0.0063 1.929 
Shoot 0.0026 0.0060 0.000002  
8 





 1.051 Shoot 0.0041 0.0088 0.000002  
YS1 Pu / 
FF 
9 
Root 0.0019 0.0058 5.116  0.7205 0.8065 0.0045 1.928 
Shoot 0.0048 0.0242 0.000002  
10 
Root 0.0008 0.0021 0.554  0.7152 0.7918 0.0059 1.186 
Shoot 0.0020 0.0078 0.000001  
11 
Root 0.0006 0.0009 0.670  0.7201 0.8137 0.0066 2.138 
Shoot 0.0015 0.0039 0.000000  
12 















Pu UPTAKE LoD CALCULATIONS 
Table B.13. Calculations to determine whether Pu uptake experiment 1 and 2 samples were above the limit of 
detection. 






Experiment Exp Group Sample 
Plant 
Part LoD (mg/L) 
Pu Uptake 
1 
TF - No 
Pu (FF) 
1 R 0.000012  
Pu Uptake 
2 
TF - No 
Pu (FF) 
1 R -0.000001 
1 S 0.000011  1 S -0.000001 
2 R 0.000006  2 R -0.000001 
2 S 0.000004  2 S -0.000001 
3 R 0.000002  3 R -0.000001 
3 S 0.000002  3 S -0.000001 
4 R    4 R -0.000001 
4 S    4 S -0.000001 






TF - Pu 
(FF) 
5 R 0.000251 
5 S 0.000001  5 S   
6 R 0.000001  6 R   
6 S 0.000001  6 S 0.000002 





7 S   
8 R    8 R 0.000145 














9 S -0.000001 










11 R   
11 S 0.000001  11 S 0.000002 
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Table B.14. Calculations to determine whether Pu uptake experiment 3 and 4 samples were above the limit of 
detection. 
















1 R -0.000001  




1 R -0.000001 
1 S 0.000001  1 S   
2 R -0.000001  2 R -0.000001 
2 S -0.000001  2 S -0.000001 
3 R -0.000001  3 R -0.000001 
3 S -0.000001  3 S -0.000001 
4 R -0.000001  4 R -0.000001 








5 R 0.000101 
5 S -0.000001  5 S 0.000004 
6 R 0.000001  6 R 0.000034 
6 S -0.000001  6 S   
7 R -0.000001  7 R 0.000154 
7 S 0.000096  7 S 0.000004 
8 R -0.000001  8 R 0.000093 








9 R 0.000103 
9 S -0.000001  9 S 0.000006 
10 R 0.000002  10 R 0.000093 
10 S    10 S 0.000001 
11 R -0.000001  11 R 0.000011 
11 S 0.000001  11 S 0.000001 
12 R -0.000001  12 R 0.000006 







COMPETITION EXPERIMENTS: CITRATE, Pu, AND Fe CONCENTRATION 
CALCULATIONS 
Note the procedure to determine Pu concentrations is the same as in the Pu uptake 
experiments. 
AMOUNT OF CITRATE FOR PU-CITRATE STOCK SOLUTION 
Pu Concentration 1 ug/L (ppb)    Pu Concentration 10 ug/L (ppb) 
Pu Molarity 4.13E-09 mol/L    Pu Molarity 4.13E-08 mol/L 
Fe Molarity 1.79E-08 mol/L    Fe Molarity 1.79E-07 mol/L 
         
Sodium Citrate Dihydrate 





mg C/L ≈ Pu 0.00029752       mg C/L ≈ Pu 0.002975207   
 Target in HP        Target in HP   
106 [Pu] = 297.521 mg C/L     106 [Pu] = 2975.207 mg C/L 
105 [Pu] = 29.752 mg C/L     105 [Pu] = 297.521 mg C/L 
104 [Pu] = 2.975 mg C/L     104 [Pu] = 29.752 mg C/L 
103 [Pu] = 0.298 mg C/L     103 [Pu] = 2.975 mg C/L 
102 [Pu] = 0.030 mg C/L     102 [Pu] = 0.298 mg C/L 
10 [Pu] = 0.003 mg C/L     10 [Pu] = 0.030 mg C/L 
         
Will spike 5 mL of a Pu-citrate stock solution into 10 jars 
= 50 mL of Pu-citrate stock solution + 10 mL for sampling 
= 60 mL total 
   
Will spike 5 mL of a Pu-citrate stock solution into 10 
jars = 50 mL of Pu-citrate stock solution + 10 mL for 
sampling = 60 mL total 
C1V1=C2V2    C1V1=C2V2 
100 ppb of Pu in stock solution    1000 ppb of Pu in stock solution 
297.52 mg C/L in stock solution    297.52 mg C/L in stock solution 
         
1214.28 mg citrate/L     1214.28 mg citrate/L  
72.86 mg sodium citrate needed for 60 mL stock solution 
   72.86 mg sodium citrate needed for 60 mL stock solution    




AMOUNT OF Pu FOR 1PPB STOCK SOLUTION 
             
0.0039 Ci 3.70E+10 counts 60 s   min 0.0126 mL 
= 26620.5 
mL 
 g 1 Ci*s   min 4098 counts   g 
             
3.7565E-05 g 1000 mL 1000000 ug = 37565.04 ppb 
    
 mL 1 L 1 g     
             
C1V1=C2V2         
(100 ppb)(60 mL)=(37,565 ppb)(x mL)         
6000 = 37565 (x mL)         
 x (mL) = 0.159723           
 x (uL) = 159.7231           
             
             
AMOUNT OF Pu FOR  10 PPB STOCK SOLUTION 
             
0.0039 Ci 3.7E+10 counts 60 s   min 0.0126 mL 
= 
26620.5 mL 
 g 1 Ci*s  min 4098 counts    g 
             
3.7565E-05 g 1000 mL 1000000 ug 
= 37565.04 ppb 
    
 mL 1 L 1 g     
             
C1V1=C2V2         
(1000 ppb)(60 mL)=(37,565 ppb)(x mL)         
60000 = 37565 (x mL)         
 x (mL) = 1.597231           








AMOUNT OF 55Fe FOR TRACER STOCK SOLUTION 
       
Want 3,500 cpm/mL  
10 uL 55Fe + 1 mL DDI in diluted sample  
35000 cpm 
= 3500000 
cpm   
0.01 mL mL   
       
C1V1=C2V2     
3500 
cpm 
in 36 jars containing 500 mL each = 3500000 
cpm 
* (x mL) 
mL mL 
63000000 cpm = 3500000 cpm * (x mL) 
 
    mL  
18 mL of 10 uL + 1 mL to get 3500 cpm/mL in HP jars  
       
18 mL 
= 0.5 ml to each jar 
  
36 jars   
       
For personal stock solution: make take 20 mL of DDI + 200 uL of 55Fe stock 
 
AMOUNT OF FeCl3 NEEDED FOR STOCK SOLUTION 
            
24 jars of  10 ppb (ug/L) FeCl3 = 12000 mL     
12 jars of  1 ppb (ug/L) FeCl3 = 6000 mL     
     = 18000 mL total     
            
          
12000 mL 10 ppb 1 ug 1 L 
= 120 ug Fe 
 
       L 1000 mL  
            
6000 mL 1 ppb 1 ug 1 L 
= 6 ug Fe  
       L 1000 mL  
            
 
C1V1=C2V2       
(10 ppb)(500 mL)=(x ppb)(5 mL)       
5000 = (x ppb) 5 mL       
 x ppb  = 1000 ppb         
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Will make a 1000 mL stock solution of FeCl3        
1000 ug 
100




mL DDI  
 L    1000 mL  mol 55.8 g Fe     





           
C1V1=C2V2           
(1 ppb)(500 mL)=(1000 ppb)(xmL)      
Will spike in 5 mL of FeCl3 
solution into jars for 10 ppb 
500 = 1000 (x mL)      
Will spike in 0.5 mL of FeCl3 
solution into jars for 10 ppb 
 x mL = 0.5 mL            
 
PU CONCENTRATION IN PU-CITRATE STOCK SOLUTION FOR COMPETITION EXPERIMENT 1 
0.003 Ci 3.70E+10 count 60 sec  min 1.015 mL  
 g 1.00E+00 s*Ci 1 min 1105 counts    





1.63E-07 g 1000 mL 1000000 ug 
  g  mL 1 L 1 g 
           
    
= 163.463 
ug Ideal concentration of stock solution 
was 100 ppb     L 
           
           
           
ACTIVITY OF Pu-CITRATE STOCK SOLUTION   
1105 counts   1 min 
= 18.144 
Bq   
 min 1.015 mL 60 sec mL   
           
           
           












ACTIVITY IN HP SOLN 
 
          








 mL    mL   
     
= 0.18 
Bq    
     mL    
           
163.464 ppb * 5 mL = C2 ppb * 505 mL 
           
     = 1.618 ppb    
           
           
           
PU CONCENTRATION IN PU-CITRATE STOCK SOLUTION FOR COMPETITION EXPERIMENT 2 
 
           
0.003 Ci 3.70E+10 count  60 sec  min 1.0229 mL 
 g 1.00E+00 s*Ci   min 10857 counts  





1.58E-06 g 1000 mL 1000000 ug 
  g  mL 1 L 1 g 
           
    
= 1593.685 
ug Ideal concentration of stock solution 
was 1000 ppb     L 
           
ACTIVITY OF Pu-CITRATE STOCK SOLUTION 
10857 counts   min  
= 176.89 
Bq   
 min 1.0229 mL 60 sec mL   













         
𝐶𝐶1(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉1(𝑚𝑚𝑚𝑚) =   𝐶𝐶2(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉2(𝑚𝑚𝑚𝑚)  
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 mL    mL   
     
= 1.751 
Bq    
     mL    
           
           
1593.685 ppb * 5 mL = C2 ppb * 505 mL 
           
     = 15.78 ppb    
           
PU CONCENTRATION IN PU-CITRATE STOCK SOLUTION FOR COMPETITION EXPERIMENT 2 
           
0.003 Ci 3.70E+10 count  60 sec  min 1.0259 mL 
 g 1.00E+00 s*Ci   min 10898 counts  






-06 g 1000 mL 1000000 ug 
  g  mL 1 L 1 g 
           
    
= 1595.025 
ug Ideal concentration of stock solution 
was 1000 ppb     L 
           
           
ACTIVITY OF Pu-CITRATE STOCK SOLUTION 
10898 counts   min  
= 177.0478 
Bq   
 min 1.0259 mL 60 sec mL   












        
𝐶𝐶1(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉1(𝑚𝑚𝑚𝑚) =   𝐶𝐶2(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉2(𝑚𝑚𝑚𝑚)  
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 mL    mL   
     
= 1.753 
Bq    
     mL    
           
           
           
           
1595.025 ppb * 5 mL = C2 ppb * 505 mL 
           














𝐶𝐶1(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉1(𝑚𝑚𝑚𝑚) =   𝐶𝐶2(𝐵𝐵𝐵𝐵 𝑚𝑚𝑚𝑚−1) ∗ 𝑉𝑉2(𝑚𝑚𝑚𝑚)  
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COMPETITION EXPERIMENTS: CONCENTRATION RATIOS, TRANSPORT 
INDICES, AND REMAINING Pu IN HP SOLUTION 
Table B.15.Concentration ratios, transport indices, and Pu remaining in HP (ppb) after the completion of the 
experiment for the first competition experiment (10 ppb Fe vs 1 ppb Pu).  









Section Mg K Fe Pu Mg K Fe Pu 
Pu/Fe (FF) 
1 
Root 0.0011 0.0011 4.5870 0.00133 
0.8314 0.9264 0.6051 0.3333 -- 
Shoot 0.0054 0.0138 7.0279 0.00067 
2 
Root 0.0005 0.0003 5.8360 0.00571 
0.7543 0.9474 0.4780 0.0000 0.000 
Shoot 0.0015 0.0049 5.3449 0.00000 
3 
Root 0.0010 0.0015 2.7064 0.05812 
0.6825 0.8511 0.6937 0.0000 0.379 
Shoot 0.0022 0.0085 6.1303 0.00000 
Pu/Fe 
4 
Root 0.0004 0.0001 2.4091 0.03967 
0.6450 0.8875 0.6313 0.0000 0.303 
Shoot 0.0007 0.0009 4.1256 0.00000 
5 
Root 0.0004 0.0000 2.4088 0.00405 
0.5642 1.0012 0.5575 0.0000 0.150 
Shoot 0.0005 0.0007 3.0348 0.00000 
6 
Root 0.0004 0.0006 3.2143 0.00000 
0.6813 0.8299 0.5027 
 
0.454 
Shoot 0.0009 0.0030 3.2489 0.00000  
Fe 
7 
Root 0.0004 0.0001 2.3760  
0.6061 0.8729 0.4770 
 
0.000 
Shoot 0.0006 0.0007 2.1671   
8 
Root 0.0010 0.0020 4.0334  
0.4313 0.5402 0.4447 
 
0.000 
Shoot 0.0007 0.0024 3.2307   
9 
Root 0.0006 0.0009 3.0175  
0.6137 0.8518 0.4638 
 
0.000 




Root 0.0063 0.0174 5.7171 0.00820 
0.5726 0.7373 0.7178 0.0000 0.450 
Shoot 0.0084 0.0487 14.5420 0.00000 
11 
Root 0.0016 0.0054 0.9282 0.00317 
0.7284 0.7450 0.8603 0.0000 0.150 
Shoot 0.0042 0.0157 5.7180 0.00000 
12 
Root 0.0035 0.0065 2.7672 0.00663 
0.6419 0.8596 0.8060 0.0000 0.000 






Table B.16.Concentration ratios, transport indices, and Pu remaining in HP (ppb) after the completion of the 
experiment for the second competition experiment (1 ppb Fe vs 10 ppb Pu).  









Section Mg K Fe Pu Mg K Fe Pu 
Pu/Fe (FF) 
1 







 13.755 Shoot 0.0006 0.0011 48.3460 0.0068 
2 







 10.189 Shoot 0.0000 0.0000 0.0000 0.0000 
3 







 9.067 Shoot 0.0000 0.0000 0.0000 0.0000 
Pu/Fe 
4 
Root 0.0065 0.0104 36.3830 0.0364 0.6731 0.5056 0.8482 0.5045 1.431 
Shoot 0.0133 0.0106 203.2600 0.0371 
5 
Root 0.0098 0.0002 286.7500 0.0173 0.0000 0.0000 0.0000 0.0000 4.841 
Shoot 0.0000 0.0000 0.0000 0.0000 
6 
Root 0.0006 0.0007 133.7300 0.0220 0.5475 0.6363 0.5404 0.0714 2.070 
Shoot 0.0007 0.0012 157.2700 0.0017 
Fe 
7 
Root 0.0005 0.0005 37.2120  0.4707 0.7108 0.4930 
 
0.074 
Shoot 0.0004 0.0012 36.1870   
8 
Root 0.0003 0.0003 22.2020  0.7243 0.8491 0.4959 
 
0.000 
Shoot 0.0008 0.0018 21.8370   
9 
Root 0.0000 0.0000 0.0000  1.0000 1.0000 1.0000 
 
0.000 




Root 0.0003 0.0007 2.3090 0.0829 0.8339 0.8520 0.9596 0.0188 12.827 
Shoot 0.0015 0.0041 54.9080 0.0016 
11 Root 0.0004 0.0008 5.0810 0.1638 0.7778 0.8581 0.8509 0.0095 10.373 
Shoot 0.0013 0.0046 29.0000 0.0016 
12 
Root 0.0011 0.0026 36.2900 0.1958 0.5424 0.6499 0.4309 0.0159 1.1920 








Table B.17.Concentration ratios, transport indices, and Pu remaining in HP (ppb) after the completion of the 
experiment for the third competition experiment (10 ppb Fe vs 10 ppb Pu).  
   Concentration Ratios Transport Indices Pu 
Remaining 
in HP 




Section Mg K Fe Pu Mg K Fe Pu 
Pu/Fe (FF) 
1 









Shoot 0.0003 0.0018 0.3264 0.0004 
2 









Shoot 0.0008 0.0037 1.3765 0.0000 
3 









Shoot 0.0000 0.0000 0.0000 0.0000 
Pu/Fe 
4 









Shoot 0.0003 0.0005 0.4829 0.0000 
5 









Shoot 0.0002 0.0009 0.0236 0.0000 
6 







Shoot 0.0002 0.0003 1.2540 0.0000   
Fe 
7 






  0.074 
Shoot 0.0010 0.0026 0.8526 0.0000  
8 







Shoot 0.0006 0.0034 1.2782 0.0000  
9 











Root 0.0001 0.0006 1.4070 0.0182 0.6817 0.6480 0.7591 0.000 3.559 
Shoot 0.0003 0.0012 4.4333 0.0000 
11 
Root 0.0069 0.0214 8.4960 0.0184 0.5142 0.6313 0.4713 0.015 3.405 
Shoot 0.0073 0.0367 7.5730 0.0003 
12 
Root 0.0002 0.0008 0.0000 0.0093 0.8673 0.9261 1.0000 0.000 5.587 








MASS BALANCE CALCULATIONS 
Table B.18.Mass balance calculations for all Pu uptake experiments and all competition experiments.   













final) % diff 
Pu Uptake 
2 
5 1.584 0.792 0.150 0.075 0.717 0.065 0.000 0.000 1.24% 
6 1.584 0.792 0.150 0.075 0.717 0.004 0.300 0.120 -6.22% 
7 1.584 0.792 0.150 0.075 0.717 0.020 0.150 0.060 -0.65% 
8 1.584 0.792 0.150 0.075 0.717 0.000 -- -- -- 
9 1.584 0.792 0.449 0.224 0.568 0.012 0.300 0.120 11.75% 
10 1.584 0.792 0.449 0.224 0.568 0.000 0.319 0.127 12.25% 
11 1.584 0.792 0.449 0.224 0.568 0.015 0.149 0.060 18.95% 
12 1.584 0.792 0.449 0.224 0.568 0.017 0.147 0.059 18.83% 
Pu Uptake 
4 
5 1.607 0.804 1.485 0.742 0.061 0.012 1.043 0.417 38.96% 
6 1.607 0.804 1.485 0.742 0.061 0.019 1.232 0.493 28.76% 
7 1.607 0.804 1.485 0.742 0.061 0.038 1.015 0.406 37.12% 
8 1.607 0.804 1.485 0.742 0.061 0.008 0.570 -- -- 
9 1.607 0.804 0.615 0.307 0.496 0.003 1.145 0.458 -19.14% 
10 1.607 0.804 0.615 0.307 0.496 0.032 1.225 0.490 -26.75% 
11 1.607 0.804 0.615 0.307 0.496 0.017 0.996 0.398 -13.38% 
12 1.607 0.804 0.615 0.307 0.496 0.000 0.211 0.085 27.73% 
Pu Uptake 
5 
5 15.500 7.750 13.457 6.729 1.021 0.000 5.763 2.305 57.08% 
6 15.500 7.750 13.457 6.729 1.021 0.028 7.099 2.839 49.82% 
7 15.500 7.750 13.457 6.729 1.021 2.550 1.707 0.683 45.11% 
8 15.500 7.750 13.457 6.729 1.021 1.109 5.328 -- -- 
9 15.500 7.750 14.244 7.122 0.628 1.226 1.112 0.445 70.34% 
10 15.500 7.750 14.244 7.122 0.628 2.145 5.116 2.046 37.82% 
11 15.500 7.750 14.244 7.122 0.628 0.077 0.554 0.222 88.04% 
12 15.500 7.750 14.244 7.122 0.628 1.750 0.670 0.268 65.86% 
Pu Uptake 
6 
5 15.900 7.950 10.335 5.167 2.783 6.587 4.687 1.875 -41.45% 
6 15.900 7.950 10.335 5.167 2.783 0.332 1.775 0.710 51.89% 
7 15.900 7.950 10.335 5.167 2.783 33.876 1.929 0.772 
-
370.83% 
8 15.900 7.950 10.335 5.167 2.783 3.775 1.051 -- -- 
9 15.900 7.950 12.529 6.264 1.686 4.238 1.928 0.771 15.79% 
10 15.900 7.950 12.529 6.264 1.686 1.565 1.186 0.475 53.14% 
11 15.900 7.950 12.529 6.264 1.686 0.853 2.138 0.855 57.31% 
12 15.900 7.950 12.529 6.264 1.686 1.004 1.639 0.656 57.92% 


















final) % diff 
 
Comp 1 
1 0.180 0.090 1.727 0.864 -0.774 0.003 -- --  
2 0.180 0.090 1.727 0.864 -0.774 0.003 0.000 0.000 956.62% 
3 0.180 0.090 1.727 0.864 -0.774 0.020 0.379 0.151 769.04% 
4 0.180 0.090 1.643 0.821 -0.731 0.006 0.303 0.121 772.08% 
5 0.180 0.090 1.643 0.821 -0.731 0.006 0.150 0.060 838.75% 
6 0.180 0.090 1.643 0.821 -0.731 0.000 0.454 0.182 710.85% 
10 0.180 0.090 0.602 0.301 -0.211 0.007 0.450 0.180 126.10% 
11 0.180 0.090 0.602 0.301 -0.211 0.004 0.150 0.060 262.40% 
12 0.180 0.090 0.602 0.301 -0.211 0.002 0.000 0.000 332.20% 
Comp 2 
1 15.780 7.890 14.531 7.266 0.624 0.199 13.755 5.502 19.83% 
2 15.780 7.890 14.531 7.266 0.624 0.000 10.189 4.076 40.43% 
3 15.780 7.890 14.531 7.266 0.624 0.136 9.067 3.627 44.40% 
4 15.780 7.890 16.506 8.253 -0.363 0.987 1.431 0.572 84.84% 
5 15.780 7.890 16.506 8.253 -0.363 0.075 4.841 1.936 79.11% 
6 15.780 7.890 16.506 8.253 -0.363 0.061 2.070 0.828 93.33% 
10 15.780 7.890 1.641 0.821 7.070 0.182 12.827 5.131 -56.94% 
11 15.780 7.890 1.641 0.821 7.070 0.389 10.373 4.149 -47.11% 
12 15.780 7.890 1.641 0.821 7.070 0.244 1.192 0.477 1.26% 
Comp 3 
1 15.790 7.895 10.209 5.105 2.791 0.342 9.245 3.698 13.48% 
2 15.790 7.895 10.209 5.105 2.791 0.071 6.144 2.457 32.63% 
3 15.790 7.895 10.209 5.105 2.791 0.073 1.199 0.480 57.66% 
4 15.790 7.895 11.301 5.651 2.245 0.080 0.979 0.392 65.60% 
5 15.790 7.895 11.301 5.651 2.245 0.092 9.682 3.873 21.35% 
6 15.790 7.895 11.301 5.651 2.245 0.009 0.813 0.325 67.33% 
10 15.790 7.895 11.410 5.705 2.190 0.180 3.559 1.424 51.95% 
11 15.790 7.895 11.410 5.705 2.190 0.192 3.405 1.362 52.57% 
12 15.790 7.895 11.410 5.705 2.190 0.124 5.587 2.235 42.38% 
           
 ASSUMPTIONS: Exactly 500 mL was added to the initial HP jars and there was 100% sample recovery.  
       
        






COMPETITION EXPERIMENTS: [Pu]/[Fe] RATIOS 
Table B.19.[Pu]/[Fe] Ratios for the second (high Pu/low Fe) and third (high Pu/high Fe) competition experiment. 
Competition 
Experiment Experimental Group Plant Part Sample ID [Pu]/[Fe] Ratio 
   1 6.32E-03 
 Pu/Fe (FF)  2 -- 
   3 3.54E-03 
   4 1.52E-02 
 Pu/Fe Root 5 2.41E-04 
   6 4.86E-04 
   10 9.05E-02 
 YS1 (Pu/Fe/FF)  11 8.17E-02 
   12 6.83E-03 
   1 3.72E-04 
 Pu/Fe (FF)  2 -- 
   3 -- 
   4 2.77E-03 
 Pu/Fe Shoot 5 -- 
   6 3.18E-05 
   10 7.28E-05 
 YS1 (Pu/Fe/FF)  11 1.38E-04 
   12 1.46E-04 
   1 3.24E-02 
 Pu/Fe (FF)  2 6.43E-03 
   3 4.11E-03 
   4 1.00E-02 
 Pu/Fe Root 5 6.71E-04 
   6 1.88E-03 
   10 1.38E-02 
 YS1 (Pu/Fe/FF)  11 2.39E-03 
   12 -- 
   1 1.53E-03 
 Pu/Fe (FF)  2 0.00E+00 
   3 -- 
   4 0.00E+00 
 Pu/Fe Shoot 5 0.00E+00 
   6 0.00E+00 
   10 0.00E+00 
 YS1 (Pu/Fe/FF)  11 3.96E-05 













Figure B.2. Linear Plots for Pu versus experimental group in all four of the Pu Uptake experiments, where plot (a) is 
the 1 ppb Pu-citrate experiment, (b) represents the 10 ppb Pu-citrate experiment, (c) is the 1 ppb Pu-DFOB 












Figure B.3. Linear y-axis plots of the Pu concentrations versus Pu uptake experiment for each 












Figure B.4. Linear y-axis plots of the Pu concentrations versus experimental for each competition experiment where (a) 
represents the low Pu/high Fe experiment, (b) represents the high Pu/low Fe experiment, and (c) represents the high 







Figure B.5. Linear y-axis plots of the Fe concentrations versus experimental for each competition experiment where (a) 
represents the low Pu/high Fe experiment, (b) represents the high Pu/low Fe experiment, and (c) represents the high 







Figure B.6. Linear y-axis plots of the Fe (a) and Pu (b) concentrations versus competition experiment for 




Pu UPTAKE AND COMPETITION EXPERIMENTS: ANOVA STATISTICAL 
ANALYSIS 
ANOVA STASTICAL ANALYSIS: PU UPTAKE EXPERIMENTS 
 
Table B.20. ANOVA results for the general linear model comparing all four Pu uptake experiments 
Source Pu Mg K 




Plant Part 0.004 0.124 0.169 
Experimental Group 0.027 0.643 0.519 
 
Table B.21. ANOVA results comparing the Root concentrations in both DFOB experiments 
(1 ppb Pu-DFOB and 10 ppb Pu-DFOB) 




Experimental Group 0.121 0.411 0.546 
Interaction 0.132 0.367 0.507 
 
Table B.22. ANOVA results comparing shoot concentrations in both DFOB experiments (1 
ppb Pu-DFOB and 10 ppb Pu-DFOB) 




Experimental Group 0.282 0.351 0.352 
Interaction 0.232 0.522 0.337 
 
Table B.23. ANOVA results comparing root concentrations in both citrate experiments (1 ppb 
Pu-citrate and 10 ppb Pu-citrate) 




Experimental Group 0.000 0.464 0.529 










Table B.24. ANOVA results comparing the shoot concentrations in 1 ppb Pu-citrate and 10 ppb 
Pu-citrate experiments 




Experimental Group 0.121 0.167 0.056 
Interaction 0.132 0.011 0.002 
 
Table B.25. ANOVA results comparing 1 ppb Pu-citrate and 1 ppb Pu-DFOB experiments 
Source Pu Mg K 
Experimental Group 0.000 0.332 0.008 
Ligand 0.000 0.363 0.008 
Interaction 0.003 0.589 0.009 
 
 
Table B.26. ANOVA results comparing 10 ppb Pu-citrate and 10 ppb Pu-DFOB experiments 
Source Pu Mg K 
Experimental Group 0.245 0.229 0.015 
Ligand 0.201 0.214 0.198 
Interaction 0.305 0.105 0.012 
 
 
ANOVA STATISTICAL ANALYSIS: COMPETITION EXPERIMENTS 
 
Table B.27. ANOVA results for the general linear model comparing all three Pu/Fe competition experiments 
Source Fe Pu Mg K 
Competition 
Experiment 0.220 0.137 
0.157 0.316 
Experimental Group 0.193 0.138 0.435 0.397 
Plant Part 0.213 0.017 0.537 0.257 
 
 
 
 
